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I. 


Superlattice  (SL)  structures  are  of  both  fundamental  and  technical  interest.  Two 
classes  of  superlattices  have  been  investigated.  In  the  first  class,  the  superlatliee  layers 
have  lattice  parameters  that  closely  match  those  of  the  substrate,  such  as  in  the  case  of 
the  AlGaAs-GaAs  and  InP  — ln0  53Ga0  ,(7As  systems.  In  the  second  class,  the  strained-layer 
superlattice  (SLS)  [1],  the  alternating  layers  have  lattice  parameters  that  are  different  by 
a  significant  amount,  but  the  layers  are  thin  enough  to  ensure  that  the  lattice  mismatch  is 
entirely  accommodated  by  elastically  straining  the  layers  without  the  generation  of  misfit 
dislocations.  Examples  of  these  SLS  are  the  GaAs-InGaAs,  GaAsP-GaAs  and 
GaAsP/InGaAs  systems.  These  SLS’s  have  several  unique  features  since  their  electronic 
and  optical  properties  can  be  modified  over  a  wide  range  by  the  proper  choice  of  material 
and  geometrical  parameters  [l],  A  number  of  applications  using  those  SLS  structures  in 
lasers  [2]-[6] ,  light-emitting  diodes  (LED’s)  [7]-(9],  photodetectors  [10]-[12],  and  FET’s  [13] 
have  been  reported.  Although  these  SLS’s  have  great  flexibility  in  device  design,  their 
reliability  has  been  questioned.  In  particular,  it  has  been  observed  that  under  conditions 
where  constant  high-level  of  excitation  or  rapid  thermal  cycling  is  required,  the  SLS  dev¬ 
ices  are  unstable  [4].  It  is  believed  that  these  instabilities  are  due  to  the  lattice  mismatch 
between  the  SLS  and  the  substrate  and,  consequently,  misfit  dislocations  are  generated  at 
the  interface  between  the  SLS  and  the  substrate  [  14 j .  Such  conditions  are  always  present 
in  binary/ternary  SLS  structures  [14]. 

Ternary/Ternarv  SLS,  such  as  GaAsP/InGaAs,  can  be.  grown  lattice  matched  to  the 
GaAs  substrate  and  thus  can  avoid  this  problem,  thus  improving  the  lifetime  of  these  SLS 
devices.  We  will  review  the  methods  of  growth,  properties  of  these  SLS,  their  stability 
under  levels  of  current  injection  and  their  use  to  reduce  defects  in  epitaxial  layers. 

II.  CURRENT  LIMITATIONS  IN  BINARY-TERNARY  STRAINED  LAYER 

SUPERLATTICES 

Strained  layer  superlattices  such  as  GaAs-InGaAs  [9]  and  GaAsP-GaAs  [12]  have 
been  studied  extensively.  However,  these  superlattices  and  other  binary-ternary  struc¬ 
tures  suffer  from  major  limitations.  The  average  lattice  parameter  of  these  binary- 
ternary  structures  does  lattice  match  that  of  the  substrate  such  as  GaAs.  For  example, 
InxGai_xAs— GaAs  SLS  will  have  a  lattice  parameter  which  corresponds  to  a  bulk 
Inx/2Ga(!_x)/2As  as  shown  in  figure  1.  Thus,  when  grown  on  GaAs  substrate,  defects  in 
the  form  of  misfit  dislocations  appear  at  the  SLS/substrate  interfaces  [15].  Figure  2  show's 
a  cross-section  TEM  micrographic  of  In0a8Ga0  84As/GaAs  SLS  grown  on  GaAs  substrate. 
Dislocations  are  shown  by  arrows  at  the  SLS/GaAs  interfaces  [15].  In  this  case  the  total 
thickness  of  the  SLS  exceeds  the  critical  thickness  for  the  generations  of  misfit  disloca¬ 
tions  for  bulk  grown  In0  08Ga0  92As  on  GaAs  substrate.  This  problem  can  be  avoided  by 
reducing  the  number  of  SLS  periods  so  that  the  total  thickness  of  the  SLS  is  less  than  the 
critical  thickness  for  the  generation  of  misfit  dislocations  [10].  However,  this  will  impose 
limitations  on  the  number  of  periods,  specially  for  the  case  where  high  strain  is  present. 
For  example,  for  In0  3Ga0  7As/GaAs  SLS,  only  few'  periods  will  be  allowed  before 
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Figure  1  Schematic  of  the  lattice  constant  of  several  superlattice  structure 
(a)  AlGaAs/GaAs  (b)  InGaAs/GaAs  (c)  GaAsP/InGaAs. 


GaAs 


SLS  _ 


Substrate 


0.125  pm 


Figure  2.  Cross-section  TEM  micrograph  of  In0  jGa0  gAs/GaAs  SLS  grown  on  GaAs 
substrate.  Dislocations  as  shown  by  arrows  at  the  SLS/GaAs  interfaces. 
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dislocations  are  generated  at  the  SLS/GaAs  substrate  interface.  Another  approach  is  to 
insert  an  Inx^2Ga^_x^2As  buffer  layer  between  the  GaAs  substrate  and  the 
InxGa^xAs/GaAs  SLS  (17j.  In  this  case  defects  are  not  generated  at  the  interface 
between  the  SLS  and  the  buffer  layer.  The  presence  of  a  buffer  layer  that  does  not  lattice 
match  the  substrate  can  create  several  problems.  For  example,  this  buffer  layer  can  be 
highly  defective  and  cannot  be  obtained  with  high  resistivity  [17],  This  will  have  impact 
on  FET  structures  with  the  SLS  as  active  iayers.  Also,  if  the  lattice  mismatch  between 
the  buffer  and  the  substrate  is  large,  high  density  of  threading  dislocation  will  be  gen¬ 
erated  and  will  propagate  to  the  SLS  structure. 

The  above  problems  can  be  avoided  if  these  binary-ternary  SLS’s  are  replaced  by 
other  material  systems.  What  is  needed  is  a  superlattice  composed  of  two  materials  hav¬ 
ing  equal  but  opposite  lattice  mismatches  such  that  the  average  lattice  constant  matches 
that  of  GaAs.  For  example,  a  SLS  made  of  GaAs1_yPy/InxGa1_xAs  ternary  alloys  can 
satisfy  these  requirements  [8]. 


GaAs1_yPy/InxGa1_xAs  SLS  can  be  grown  directly  on  GaAs  substrate  with  an  aver¬ 
age  lattice  constant  equal  to  that  of  GaAs.  In  such  a  structure,  with  y  —  2x,  the  In  GaAs 
will  be  under  compression,  whereas  the  GaAsP  layer  will  be  under  tension  and  the  lattice 
parameter  of  the  SLS  as  a  whole  will  be  equal  to  that  of  GaAs  as  shown  in  figure  1.  In 
this  case,  no  defects  are  generated  between  the  SLS  and  the  substrate  and  no  limitations 
are  imposed  on  the  value  of  strain  between  the  individual  layers  or  the  number  of  SLS 
periods.  Such  a  structure  will  thus  allow  the  use  of  GaAs  or  AIGaAs  as  buffer  or 
confining  layers  since  all  layers  including  the  SLS  have  the  same  lattice  constants  in  the 
growth  plane.  Other  material  systems  can  satisfy  these  requirements;  examples  arc: 
GaAsP  —  GaAsSb,  GaAsP  —  InGaAsSb  and  Ga0  52+xIn0  48_XP  —  Ga.0  52_xIn0  ,f8.t  XP. 
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III-l. 


GaAsP/InGaAs  SLS  contains  both  As  and  P  compounds  which  makes  if  difficult  to 
be  synthesized  by  Molecular  Beam  Epitaxy  (MBE).  Two  techniques  were  used  for  the 
growth  of  this  SLS,  mainly  metalorganic  chemical  vapor  deposition  MOCVD  (18],  and 
molecular  stream  epitaxy  MSE  (19].  Gas  source  MBE  can  also  be  a  potential  technique 
for  the  synthesis  of  this  SLS. 

The  MOCVD  approach  [18]  uses  TMG,  TEI,  AsH3  and  PH3  as  sources  of  Ga.  In,  As 
and  P.  Both  AlsH3  and  PH3  are  5%  in  H2.  The  growth  temperature  was  630°C,  which  is  a 
compromise  between  ideal  growth  temperature  for  the  two  ternary  alloys.  For  GaAsP  a 
relatively  high  growth  temperature  is  required  to  obtain  a  wide  range  of  GaP  compos'd  ion 
since  phosphorous  incorporation  is  low  at  low  temperature  [20].  On  the  other  hand,  for 
InGaAs,  a  low  growth  temperature  is  preferable  because  InAs  incorporation  decreases  as 
the  growth  temperature  increases.  Details  of  the  growth  process  were  previously  described 
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[18].  A  relatively  low  growth  rate  ranging  from  100-150  A/min  was  used  to  minimize  the 
gas  transient  effect  and  to  allow  better  control  of  layer  thicknesses.  The  growth  process 
proceeds  by  sequential  injection  of  TE1  and  PH3  while  TMG  and  AsH3  are  flowing  all  the 
time.  GaAsP-GaAsSb  and  GaAsP-GalnAsSb  SLS’s  were  also  grown  using  this  approach 
[8],  where  TMSb  was  used  as  the  Sb  source.  SLS’s  with  periods  as  thin  as  50  A  were 
obtained  using  this  injection  approach.  Thinner  SLS’s  can  be  obtained  by  minimizing 
dead  spaces  and  pressure  transients  in  the  gas  manifold.  To  avoid  some  of  the  above 
mentioned  problems  this  SLS  was  grown  by  a  new  process  called  molecular  stream  epi¬ 
taxy  [19],  which  is  a  modification  of  the  atomic  layer  epitaxy  [21]  process  previously 
developed  by  our  group.  In  this  technique  the  growth  of  the  SLS  proceeds  by  rotating  the 
substrate  between  two  gas  streams,  one  containing  TMG,  TEI  and  AsH3,  and  the  other 
containing  TMG,  PH3  and  AsH3.  These  two  streams  are  on  all  the  time,  thus  there  is  no 
flow  transients  or  dead  spaces  resulting  from  the  gas  switching  processes.  SLS  with  layers 
as  thin  as  8  A  was  obtained  using  MSE  [19],  which  is  difficult  to  achieve  by  conventional 
MOCVD,  specially  for  material  systems  containing  As  and  P  compounds.  MSE  it  was 
also  possible  to  grow  the  SLS  at  temperatures  as  low  as  520°  due  to  the  higher  P  incor¬ 
poration  [22]  in  MSE  as  compared  with  MOCVD.  This  will  allow  high  strains  between 
the  individual  SLS  layers. 

III-2.  Characterization  of  GaAsP/InGaAs  SLS 

The  GaAsP/InGaAs  SLS’s  were  characterized  both  structurally  and  optically.  As 
mentioned  earlier  there  is  no  restriction  on  the  number  of  periods,  and  structures  with 
several  hundred  periods  was  grown  without  the  creation  of  defects  at  the  SLS/GaAs  inter¬ 
face.  If  the  SLS  is  not  balanced  i.e.,  y  =  2x  or  the  thickness  of  the  individual  SLS  layers 
exceeds  the  critical  values  for  the  generation  of  misfit  dislocations  [18],  cross-hatched 
features  are  observed  on  the  sample  surface.  We  found  that  examination  of  the  SLS  sur¬ 
face  by  optical  microscope  is  usually  a  rough  and  quick  test  to  check  that  the  SLS  has  bal¬ 
anced  composition. 

Epitaxial  layers  thickness  and  superlattice  structures  were  examined  using  x-ray 
diffraction  technique  as  shown  in  figure  3.  Figure  3a  shows  the  400  diffraction  pattern  for 
45  periods  of  GaAs0  8P0,2—Ino.iGa0  gAs  SLS  grown  on  GaAs  substrate.  The  zero-order 
diffraction  peak  (n  =  0)  gives  the  lattice  parameter  of  the  SLS  as  a  whole,  with  a  lattice 
mismatch  of  less  than  0.1%  to  the  GaAs  substrate.  The  extra  satellite  peaks  are  due  to 
the  periodicity  of  the  SLS,  giving  a  period  of  350  A.  This  value  is  consistent  with  that 
predicted  from  the  growth  rate  and  that  obtained  from  the  total  thickness  measurement 
of  the  SLS  on  a  cleaved  sample.  Figure  3b  shows  the  corresponding  diffraction  pattern  of 
GaAsP-GalnAsSb  SLS.  When  this  ternary/quaternary  SLS  was  disordered  by  Zn 
diffusion  at  800°C  a  GalnPAsSb  quinary  alloy  was  obtained  [8].  The  peak,  indicated  by 
A,  results  from  the  homogeneous  quinary  alloy  and  corresponds  to  the  average  lattice  con¬ 
stant  of  the  SLS  as  a  whole  (peak  indicated  by  n  =  0  in  figure  3b).  Rough  estimate  of  the 
lattice  constant  of  this  quinaryy  alloy  agrees  with  the  position  of  the  peak  A  [23] .  Thus, 
from  figure  3,  these  ter  nary /ternary  or  ternary/quaternarv  SLS’s  can  be  grown  lattice 
matched  to  GaAs  substrates  under  the  proper  growth  conditions. 
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Figure  3  X-ray  diffraction  pattern  in  the  vicinity  of  (400)  reflection  of  SLS  n’s  show  tin 
order  of  the  satellite  peaks  originating  from  the  periodicity  of  the  SLS 
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In  this  SLS  Zn  diffusion  resulted  in  disordering  and  thus  forming  the 
GalnAsSbP  quinary  alloy.  The  arrow  A  shows  the  quinary  diffraction  peak. 
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The  optical  properties  and  interface  quality  of  Ga As0  3P0  7/rnn  ,r,Oa()  pr>As  SLS  were 
characterized  by  photoiuminescence  at  77  and  4.5°K,  for  a  SLS  with  5  periods,  130  A 
thick  each,  as  being  determined  from  x-ray  diffraction.  The  PL  data  is  shown  in  figure  <1 
and  the  peak  at  1.405  eV  has  a  FWIIM  of  4  meV,  indicating  that  this  SLS  structure  can 
be  grown  with  excellent  interface  quality.  This  peak  at  1.405  eV  corresponds  to  the  tran¬ 
sition  between  the  first  electron  level  (n  =  I)  and  heavy-hole  band.  The  biaxial  compres¬ 
sion  in  the  InGaAs  well  breaks  the  degeneracy  of  light-hole  and  heavy-hole  valence  bands 
at  k  =  0  and  increases  the  effective  bandgap  of  InGaAs  [24].  In  addition,  the  quantum 
size  effect  increases  the  effective  bandgap  of  the  SLS.  These  two  effects  result  in  the 
energy  shift  of  about  110  meV  from  the  bulk  InGaAs  value. 


Figure  4  PL  spectra  of  5  periods  In0  15Ga0  85As/GaAs0  7P0  3  SLS  at  77°K  and  4.5°K. 

The  optical  quality  of  the  SLSs  versus  depth,  especially  near  the  SLS/substrate  inter¬ 
face,  was  investigated  using  PL.  This  was  done  by  scanning  the  laser  beam  along  a  bev¬ 
eled  section  of  the  layers  as  shown  in  figure  5.  Several  samples  were  beveled  on  a  Plexig¬ 
las  plate  using  Ludox.  The  bevel  angle  was  about  i/3  degrees,  which  resulted  in  a  vertical 
magnification  factor  of  172x.  The  laser  spot  size  used  with  PL  measurement  was  about  50 
p.m  and  the  penetration  depth  is  estimated  to  be  less  than  2000  A  based  on  GaAs  absorp¬ 
tion  data.  Figure  5b  shows  the  PL  spectra  (77°K)  of  different  spots  (A-E)  which 
correspond  to  the  positions  shown  in  figure  5a.  As  the  laser  beam  was  moved  from  posi¬ 
tion  (A)  to  (B),  the  PL  intensity  decreased  by  more  than  one  order  of  magnitude.  This  is 
because  of  mechanical  damage  introduced  by  polishing.  However,  the  spectral  shape  did 
not  change.  From  (B)  to  (D)  the  intensity  still  decreased  gradually,  while  the  spectral 
peak  shifted  slightly  toward  the  higher-energy  side  and  a  shoulder  appeared  at  the  lower- 
energy  side.  As  the  beam  approached  the  SLS/substrate  interface  the  shoulder  grew, 
while  the  main  peak  decreased  and  finally  disappeared.  As  shown  in  figure  5b,  there  are 
some  variations  (~  10  meV)  in  the  peak  emission  spectrum  from  the  SLS.  These,  fluctua¬ 
tions  can  be  the  result  of  compositional  and  periodicity  fluctuation  in  the  SLS.  The 


variation  of  10  meV  corresponds  to  the  compositional  fluctuation  of  about  6.8/c  in  the 
InGaAs  well  assuming  no  periodicity  fluctuation.  At  the  interface  (E)  the  PL  Iinewidth 
became  9  meV,  whereas  the  PL  intensity  stayed  almost  the  same  as  that  of  position  (D). 
PL  from  the  Si-doped  GaAs  substrate  was  very  weak  and  almost  undetectable,  even  at 
the  position  (E).  This  suggests  that  the  photocarriers  generated  in  the  GaAs  layer  will  be 
efficiently  collected  in  the  first  SLS  layer  which  is  InGaAs.  Most  of  the  samples  showed  a 
tendency  for  the  PL  Iinewidth  (FWIIM)  to  decrease  or  remain  unchanged  as  the 
SLS/substrate  interface  was  approached.  'Phis  feature  is  different  from  other  SLS’s  whose 
average  lattice  constants  are  not  matched  to  those  of  their  substrates  [25].  We  have  done 
a  similar  experiment  on  InGaAs/GaAs  SLSs,  which  have  similar  geometrical  and  compo¬ 
sitional  parameters  to  those  of  InGaAs/GaAsP  SLSs  shown  in  figure  5.  A  significant 
decrease  of  PL  intensity  and  spectral  line  broadening  near  the  SLS/substrate  interface 
was  observed.  This  is  probably  due  to  the  high  density  of  misfit  dislocations  at  the 
InGaAs/GaAs  SLS  and  the  substrate  interface.  This  result  indicates  that  the  average  lat¬ 
tice  constant  of  the  SLS  must  be  matched  to  that  of  the  substrate  to  obtain  a  high  optical 
quality  throughout  the  entire  layer.  This  is  very  important,  especially  when  SLSs  are 
used  in  the  active  regions  of  devices. 
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Figure  6  Schematic  of  SLS  LED  structure.  The  undoped  active  region  consists  of 
GaAs0  8P0  2/In0  j Ga0  gAs  ten  periods,  each  layer  is  100  A  thick. 
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A  schematic  cross-section  of  the  LED  [2G]  structure  is  shown  in  figure  6.  Fiist  ;i  Sc- 
doped  0.3-p.m  GaAs  (n  ~  1  x  1018cm-3)  was  grown  on  a  (100)  Si-doped  GaAs  substrate. 
Then  an  undoped  ten-periods  In0 ^Gay  9As/GaAs0  8P0  2  SLS  active  region  was  grown  by 
injecting  TEI  and  PH3  alternately  during  the  growth  of  GaAs.  The  thickness  of  each 
layer  is  about  100  A  (total  active  region  is  about  2000  A).  The  mismatch  between  GaAs 
and  the  two  compounds  in  their  bulk  crystal  form  is  ±  0.69  percent.  Finally,  a  Zn-dopod 
0.5-p.m  GaAs  layer  (p  ~  1  x  1018cm~3)  was  grown  on  the  SLS.  The  growth  temperature 
was  630°C  for  all  these  layers.  A  Si02  layer  (2000  ~  3000  A)  was  deposited  by  plasma- 
assisted  CVD  to  make  a  6-p.m-wide  stripe  structure.  The  wafer  was  thinned  down  in 
about  70  p.m  and  polished,  then  ohmic  contacts  were  made  by  depositing  Au-Sn-Au  (100, 
2000,  1000  A)  followed  by  annealing  at  3C0°C  for  10  seconds  for  n-type  and  Au-Or-Au 
(100,  200,  1000  A)  for  p-type.  Finally,  the  wafer  was  cleaved  and  sawed  into  individual 
diodes  with  typical  dimensions  of  250  x  300  |ju~2.  The  ideality  factor  for  these  diodes 
ranged  between  2  and  3  over  three  orders  of  magnitude  on  a  current  scale.  Diodes  were 
mounted  to  a  gold-plated  copper  block  with  the  p-type  face  down  and  held  by  a  spring 
clip.  The  optical  output  was  detected  by  a.  Si  photocell.  Three  current  injection  levels, 
namely,  830,  3000,  and  4000  A/cm",  were  used  in  the  lifetime  tests.  Seven  devices  have 
been  randomly  selected  and  tested  (one  at  830,  3000,  and  4000  A/cm2,  and  five  at  4000 
A/cm2).  Since  the  junction  of  the  diode  is  formed  less  than  1  p.m  below  the  p-type  elec¬ 
trode,  the  current  spreading  effect  is  not  significant.  These  SLS  LEDs  had  operated  at 
such  high  current  densities  for  several  thousands  hours  without  any  degradation  in  the 
optical  characteristics  as  was  previously  reported  [26] . 
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Figure  7  Schematics  of  different  SLS  structures  used  as  the  active  regions  in  LED's. 
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LEDs  with  the  same  structure  as  shown  in  figure  6  were  tried;  liowcvcr,  G'nAsB- 
InGaAs  SLS  active  region  is  replaced  by  InGaAs/GaAs  SLS’s  the  structures  are  shown  in 
figure  7.  The  SLS  layer’s  thicknesses  in  the  three  structures  (shown  in  figure  7)  is  100  A 
and  number  of  periods  is  seven  for  the  structures  in  figures  7a  and  7c  and  three  for  the 
structure  in  figure  7b.  Lifetime  tests  for  these  three  LED  structures  at  a  eunent  in  jection 
level  of  4000  A/cm2  were  carried  out  and  the  results  are  shown  in  figure  8.  Both  struc¬ 
tures  in  figure  7a  and  7b  have  been  opeiating  for  more  than  one  year  without  any 
observed  degradation  in  the  optical  output,  where  the  structure  in  (figure  7c)  died  out  in  a 
few  hours.  These  results  can  be  explained  based  on  the  average  lattice  constant  of  t  tic  SLS 
and  its  lattice  mismatch  with  the  substrate.  The  ternary/ternary  SLS  is  balanced  and  no 
defects  are  expected  to  be  present  between  the  SLS  interfaces  and  the  GnAs  layers.  Lor 
the  structure  in  figure  7b  there  is  lattice  mismatch  between  the  In0.cGa0  „As/Ga  As,  SLS 
and  with  an  average  lattice  constant  corresponding  to  the  ln0  1GaogAs  bulk  and  the  sub¬ 
strate.  However,  this  mismatch  can  be  accommodated  elastically  since  the  total  thickness 
of  the  SLS  (300  A)  is  less  than  the  critical  thickness  for  an  ln0  iGa0  0As  film  required  to 
generate  defects  at  the  GaAs  interface  (27 J .  The  situation  is  quite  different  for  the  .struc¬ 
ture  in  figure  7c,  where  the  thickness  of  the  seven  periods  SLS  exceeds  the  critical  thick¬ 
ness  for  the  generation  of  misfit  dislocation  at  the  SLS/GaAs  interfaces  (27] .  This  very 
high  density  of  defects  will  result  in  the  catastrophic  faiiure  of  this  LED  structure  as 
shewn  in  figure  8.  These  preliminary  observations  suggest  that  a  SLS  which  is  lattice 
matched  to  the  substrate  is  stable  under  high-current-injection  conditions  and  can  have 
potential  applications  in  several  devices. 


Figure  8  Lifetime  test  for  LED  structures  shown  in  Figure 


-10  - 


M 


V-l. 


Characterization  Techniques  for  Defects 

X-ray  topography  (XRT)  and  electron  beam  induced  current  (EB1C)  are  non¬ 
destructive  techniques  for  defect  characterization.  XRT  is  suited  for  studying  large  area 
samples  but  magnification  is  only  possible  by  enlarging  the  micrographs.  The  defect  den¬ 
sity  suitable  for  XRT  is  10°  cm  2  or  less.  Therefore,  the  effect,  strained  layer  structures 
grown  on  a  GaAs  substrate  are  ideal  for  an  investigation  by  XRT.  On  the  other  hand, 
TEM  gives  the  highest  magnification  but  gives  only  a  very  limited  observation  area.  Sam¬ 
ples  must  have  high  density  of  defects  (higher  than  106  cm-2)  to  be  studied  by  TEM. 
EBIC  bridges  the  two  techniques  concerning  resolution  of  defects  and  the  observation 
area.  It  is  possible  to  decide  whether  a  misfit  dislocation  is  iocated  at  the  GaAs/SLS 
interface  or  within  the  SLS  by  using  both  XRT  and  EBIC.  Cross-sectional  TEM  was 
extensively  used  for  direct  observations  of  dislocations  and  to  reveal  how  dislocations  are 
bent  or  thread  in  the  SLS.  The  g-b  analysis  on  dislocations  allowed  us  to  identify  the 
types  of  the  dislocations. 

V-2.  Critical  Laver  Thickness  (CLT)  for  a  Single  Strained  Laver 

In  order  to  determine  the  value  of  CLT  for  a  single  strained  layer  of  GaAsj_yPy  (y— 
0.15).  we  employed  XRT  to  examine  the  substrate  prior  to  the  growth  of  a  GaAsj_yPy 
film.  The  growth  of  the  GaAs,_yPy  layer  was  performed  in  a  stepwise  fashion  with  each 
step  resulting  in  the  deposition  of  a  controlled  thickness  added  to  previously  existing  film. 
The  heterointerface  between  the  ternary  layer  and  the  GaAs  bulk  was  characterized  at 
each  step  by  transmission  XRT.  For  a  thin  GaAs,_yPy  film,  less  than  ~600A,  only  sub¬ 
strate  threading  dislocations  are  observed.  When  a  GaAs^yPy  layer  of  ~-900A  thickness 
was  grown,  a  few  generation  sites  for  misfit  dislocations  appeared  near  the  sample  edge. 
The  number  of  these  generation  sites  of  misfit  dislocations  increased  as  the  thickness  of 
the  GaAsj_yPy  epilayer  was  increased  to  ~1200A.  When  the  thickness  reached  1600A. 
misfit  dislocations  were  formed  from  these  generation  sites  indicating  the  process  of  glide 
at  the  GaAsj_yPy/GaAs  interface.  From  these  observations  we  concluded  that  the  value 
of  CLT  for  the  onset  of  misfit  dislocations  in  a  GaAsj_yPy  (y~0.15)  single  layer  is  approx¬ 
imately  900A.  This  value  is  a  few  times  higher  than  the  value  of  CLT  predicted  by 
Matthews  and  Blakeslee  and  about  1/5  of  that  by  People  and  Bean.  It  seems  that  the 
generation  of  misfit  dislocations  is  not  critically  dependent  on  the  film  thickness  but 
rather  of  kinetic  nature  at  the  very  early  stage  of  generation. 

V-3.  Critical  Laver  Thickness  in  Multilayer 

A  SLS  is  constructed  of  lnxGaj  xAs  and  GaAs,_vPv  epitaxial  layers  with  equal 
thickness,  x  — 0.08,  and  y~0.16.  Alternate  GaAs,_vPy  and  InxGa!_xAs  layers  are  under 
tension  and  compression  such  that  the  SLS  as  a  whole  is  lattice  matched  to  the  GaAs  sub¬ 
strate.  EBIC  was  used  to  determine  the  value  of  CLT  for  the  constituent  layers  of  this 
SLS  structure  because  XRT  can  reveal  misfit  dislocations  located  at  the  GaAs/SLS 


interface  and  not  those  within  the  SLS.  ERIC  studies  were  carried  out  for  SLS’s  whose 
period  thickness  was  varied  from  50()A  to  800A.  For  SLS  period  of  ~5(Jt)A,  even  with  the 
acceleration  voltage  of  25  keV  which  is  sufficient  to  reach  through  the  SLS,  no  misfit 
dislocations  were  observed  indicating  that  the  ternary  layer  thickness  did  not  exceed  the 
CLT.  However,  when  the  period  thickness  was  increased  to  ~550A  misfit  dislocations 
appeared  in  the  SLS  showing  that  the  CLT  thickness  was  exceeded.  The  density  of  misfit 
dislocations  increased  for  the  SLS  with  a  period  thickness  of  ~-80()A.  From  these  observa¬ 
tions  the  value  of  CLT  for  the  misfit  of  0.6%  is  estimated  to  be  approximately  280A 
which  is  in  reasonable  agreement  with  the  Matthews'  and  Blakeslee’s  model.  We  believe 
this  EBIC  technique  gives  an  accurate  information  pertaining  to  the  onset  of  misfit  dislo¬ 
cation  generation  which  is  interpreted  as  the  critical  layer  thickness. 

V-4.  Defect  Reduction  Using  GaAsP-InGaAs  SLS  by  MQCVD 

Strained  superlattice  buffer  layers  have  been  grown  with  an  average  lattice  constant 
equal  to  that  of  GaAs,  as  shown  by  the  x-ray  diffraction  data.  Epitaxial  GaAs  layers 
grown  on  these  SLB’s  show  significantly  smaller  dislocation  densities  than  simultaneously 
grown  layers  directly  on  GaAs  substrates.  TEM  studies  show  that  threading  dislocations 
which  start  in  the  GaAs  substrate  do  not  penetrate  the  SLS  layer.  It  is  expected  that  dev¬ 
ices  and  circuits  fabricated  in  epitaxial  layers  on  top  of  SLB’s  will  exhibit  less  variation  in 
electrical  parameters  than  those  fabricated  directly  on  a  GaAs  substrate  (see  attached 
papers). 

V-5.  Defect  Reduction  Using  GaAs-InGaAs  SLS  bv  MBE 

GaAsP/InGaAs  SLS  cannot  be  grown  by  MBE  due  to  problems  with  phosphorous, 
thus,  we  used  GaAs-InGaAs  SLS  structures.  Results  indicate  that  compared  to  epitaxial 
layers  grown  directly  on  GaAs  substrates,  a  GaAs-InxGa,_xAs  superlattice  (x<0.12) 
reduces  the  dislocations  by  approximately  two  orders  of  magnitude.  Transmission  elec¬ 
tron  microscopy,  electron  beam  induced  current,  and  etch  pit  density  have  been  used  to 
characterize  the  effectiveness  of  using  superlattice  buffer  layers  for  the  reduction  of  defects 
in  GaAs  epilayers  (see  attached  papers). 

V-6.  Defect  Reduction  of  GaAs  Grown  on  Si  Substrates 

As  a  result  of  the  large  lattice  mismatch  and  the  large  difference  in  the  thermal 
expansion  coefficient  a  very  high  density  of  dislocations  are  present  in  a  GaAs  film  grown 
directly  on  a  Si  substrate.  Therefore,  a  SLS  grown  on  the  GaAs  film  on  Si  contains  dislo¬ 
cations  whose  density  is  sufficient  for  an  investigation  by  TEM.  The  GaAs  film  directly 
on  top  of  a  Si  substrate  are  1  ~  3  p.m  thick  and  the  defect  density  near  the  top  of  the 
layer  was  found  to  be  I08  -  109  cm-2  range. 

It  has  been  shown  that  the  lnxGa,_xAs— GaAs,_vPy  (y-2.x)  is  an  appropriate  and 
highly  effective  buffer  layer  for  reducing  dislocations  originating  at  the  GaA-Si  interface. 
The  SLS  structure  also  permits  high  values  of  strain  to  be  employed  without  the  SLS 
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generating  dislocations  of  its  own.  However,  the  present  results  also  indicate  that  the 
effectiveness  of  the  SLS  depends  on  the  density  of  dislocations.  For  instance,  when  the 
dislocation  density  is  low,  the  threading  dislocations  are  confined  to  the  SLS  interfaces 
and  do  not  propagate  into  the  GaAs  cpilayer.  In  contrast,  when  the  dislocation  density  is 
very  high,  it  is  apparent  that  the  SLS  is  not  as  effective.  Further  work  is  required  to 
optimize  the  SLS  structure  by  varying  the  strain  and  the  number  of  SLS  layers  in  order  to 
achieve  high-quality  GaAs  on  silicon  with  a  very  low  dislocation  density.  It  is  also  evident 
that  much  more  work  is  needed  to  understand  the  interaction  and  movement  of  disloca¬ 
tions  at  the  SLS  interfaces  (see  attached  papers). 
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GROWTH  AN!)  CHARACTERIZATION  OF  COMPOUND  SEMICONDUCTORS 
BY  ATOMIC  LAYER  EPITAXY' 
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The  growth  of  GaAs.  InAs  and  lntGa,  (As  (0  <  \  <  0.43)  by  atomic  layer  epitaxy  (ALE)  is  described.  The  growth  rate  by  ALE 
is  found  to  be  independent  of  the  column  III  flux.  A  Li-  GaAs.  grown  between  450  and  630  °C.  has  been  characterized  b\ 
photoluminescence  and  Hall  measurements.  Initial  results  indicate  that  ALE  gives  improved  incorporation  and  uniformity  in  the 
growth  of  InGaAs  compared  to  conventional  MOCVD  and  can  he  a  suitable  technique  for  growing  ternary  and  quaternary  layers 
over  large  areas. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  a  relatively  new 
growth  technique  which  offers  control  of  the 
growth  process  at  the  atomic  level.  Growth  pro¬ 
ceeds  by  the  deposition  of  individual  layers  of 
atoms.  GaAs,  for  example,  is  grown  by  first  de¬ 
positing  an  atomic  layer  of  Ga  and  then  an  atomic- 
layer  of  As.  This  cycle  is  repeated  until  the  desired 
thickness  is  achieved.  The  total  thickness  is  then 
determined  only  by  the  atomic  spacing  and  the 
number  of  deposition  cycles,  and  thus  can  be 
controlled  very  accurately.  The  thickness  should 
also  be  very  uniform  across  the  substrate  since  the 
grown  layer  is  built  up  by  the  deposition  of  a 
single  column  III  or  column  V  monolayer  at  a 
time.  Atomically  abrupt  interfaces  may  be  possi¬ 
ble  since  the  reactant  species  can  be  changed 
within  one  atomic  layer.  The  growth  of  ternary 
and  quaternary  compounds  by  ALE  should  ex¬ 
hibit  very  good  compositional  uniformity  because 
column  III  and  column  V  species  are  deposited 
separately  and  gas  phase  reactions  between  them 
are  eliminated.  An  example  of  such  a  reaction  is 
one  which  occurs  between  triethylindium  (TEI) 
and  AsHv  The  amount  of  In  available  for  incor¬ 
poration  in  the  solid  is  reduced  by  this  reaction, 
leading  to  nonuniform  lateral  compositions.  In 
ALE,  the  In  and  As  are  deposited  separately,  their 
gaseous  sources  never  mix,  and  thus  the  gas  phase 
reaction  does  not  have  a  chance  to  occur.  Ad¬ 


ditionally.  ALE  may  be  used  as  a  tool  to  investi¬ 
gate  growth  mechanisms  and  impurity  incorpora¬ 
tion  by  MOCVD. 

Atomic  layer  epitaxy  was  first  reported  for 

II- VI  compounds  by  Suntola  and  Antson  [1], 

III- V  compounds  have  also  been  grown  using 
ALE  by  Nishizawa  et  al.  [3]  and  our  group  [4,5], 
In  1 1- VI  compounds,  the  high  vapor  pressure  of 
these  elements  is  reported  to  be  the  mechanism 
which  results  in  only  one  monolayer  being  de¬ 
posited  on  the  surface  per  cycle  [6],  The  first 
deposited  layer  is  chemically  adsorbed  on  the 
surface  and  remains  there  while  any  following 
layers  which  deposit  are  weakly  bonded  and  will 
re-evaporate.  This  results  in  a  self-limiting  mecha¬ 
nism  which  ensures  that  only  one  monolayer  of 
atoms  is  deposited  at  a  time.  This  mechanism  was 
not  expected  to  occur  with  the  column  III  species 
used  in  the  growth  of  IU-V  compounds  because 
of  their  relatively  low  vapor  pressures.  Without  a 
self-limiting  mechanism,  ALE  would  require  very 
exact  control  of  the  fluxes  to  achieve  monolayer 
deposition.  Larger  fluxes  would  result  in  higher 
deposition  rates,  eventually  leading  to  balling  and 
poor  surface  morphology.  Smaller  fluxes  would 
give  incomplete  surface  coverage.  In  either  case, 
the  growth  rate  would  not  be  accurately  known, 
and  thickness  and  interface  control  would  be  com¬ 
promised.  Most  column  V  species  have  higher 
vapor  pressures  and  are  not  expected  to  be  a 
problem. 
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Tliis  paper  describes  the  conditions  for  the 
atomic  layer  epitaxy  of  GaAs.  InAs  and 
ln(Ga,  ,  As  (0  <  .v  <  0.43)  using  metalorganic 
chemical  vapor  deposition  (M(K'VI)).  Wc-  have 
found  that  it  self-limiting  mechanism  is  present  in 
the  ALE  of  these  compounds  [5,7]  which  allows 
the  deposition  of  only  about  one  monolayer  per 
cycle  over  a  wide  range  of  column  111  and  V  input 
fluxes.  Additionally,  the  compositional  uniformity 
of  In.Ga^.As,  for  large  x  values,  across  the 
substrate  is  improved  over  that  grown  under  iden¬ 
tical  conditions  by  bulk  MOCVD  in  the  same 
system. 


2.  Growth  system 

The  growth  system  for  ALE  is  shown  in  lig.  la 
and  has  been  described  previously  [4.5,7],  Basi¬ 
cally,  the  substrate,  located  in  the  recess  of  part  R 
of  the  susceptor,  is  continuously  rotated  and  cuts 


through  streams  of  gases  containing  the  column 
ill  and  V  species.  The  column  Ill  and  V  gases  are 
introduced  through  separate  tubes  and  the  gases 
impinge  directly  on  the  substrate  only  during  the 
time  that  it  is  under  the  inlet  tube.  GaAs.  foi 
example,  is  grown  by  the  deposition  of  a  single 
layer  of  Ga.  rotation  to  the  other  gas  stream 
containing  AsH,.  and  deposition  of  a  single  layer 
of  As.  This  cycle  is  repeated  until  the  desired 
thickness  is  achieved.  The  depth  of  the  substrate 
recess  is  adjusted  to  provide  a  few  mils  clearance 
between  the  top  of  the  substrate  and  the  fixed  part 
F  of  the  susceptor.  This  fixed  part  acts  to  shear  off 
a  portion  of  the  gaseous  boundary  layer  above  the 
substrate.  The  susceptor  is  designed  to  allow  the 
gas  streams  to  flow  unimpeded  except  when  the 
substrate  is  directly  under  the  stream  as  shown  in 
Fig.  lb.  This  prevents  the  buildup  of  a  gaseous 
boundary  layer  over  the  non-rotating  part  of  the 
susceptor.  The  susceptor  is  made  of  graphite  coated 
with  silicon  carbide  and  is  RF  heated.  A  graphite 
wedge,  in  conjunction  with  a  large  flow  of  H, 
(5000  SCCM)  from  the  center  tube,  acts  to  pre¬ 
vent  mixing  of  the  column  III  and  column  V 
species. 

The  susceptor  is  rotated  continuously  by  a  step¬ 
ping  motor  under  computer  control.  One  revolu¬ 
tion,  or  cycle,  consisting  of  the  deposition  of  a 
single  column  III  and  a  single  column  V  layer, 
takes  place  in  2.6  s.  The  exposure  time  to  each  gas 
stream  is  about  0.3  s. 


Column 


- Column 


III 


Fig,  1.  (a)  Schematic  diagram  of  the  susceptor  and  growth  chamber  for  ALE.  The  substrate  is  located  in  a  recess  in  the  totaling  part 
R.  The  column  V  and  (((  gases  enter  through  separate  tubes.  A  graphite  wedge,  in  conjunction  with  a  large  flow  of  H,  from  the 
center  tube,  minimizes  mixing  of  the  column  III  and  column  V  species,  (b)  Schematic  diagram  of  the  susceptor  showing  the  openings 
through  which  the  gases  flow.  These  gases  only  impinge  on  the  wafer  when  the  substrate  is  rotated  to  the  opening. 
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3.  Atomic  layer  growth 

3./.  (ja/ti 

The  growth  of  G-,As  by  ALH  was  investigated 
over  a  wide  range  of  conditions.  The  sources  for 
Ga  and  As  were  trimethylgallium  (TMG)  (  -  1 3°C) 
and  AsH,  (5*^  in  H,)  respectively.  The  H,  flow¬ 
through  the  TMG  bubbler  was  varied  from  0.75  to 
10  SCCM.  The  AsH,  flow  was  25  SCCM.  The  H, 
carrier  gas  flows  for  the  TMG  and  AsH  ,  were  500 
SCCM  each.  A  typical  growth  consisted  of  1200 
cycles. 

GaAs  grown  by  ALE  is  single  crystal,  as  de¬ 
termined  by  transmission  electron  diffraction,  and 
has  a  mirror-like  surface.  The  thickness  per  cycle 
is  found  to  be  independent  of  the  TMG  flux,  with 
only  about  one  monolayer  being  deposited  per 
cycle  [7],  The  range  in  the  growth  per  cycle  is 
shown  in  fig.  2.  The  thickness  of  these  layers  was 
determined  from  cleaved  cross-sections  using  opti¬ 
cal  microscopy  and  transmission  electron  mi¬ 
croscopy.  Most  growths  were  done  at  630°C  but 
this  same  growth  rate  per  cycle  was  observed  from 
450  to  700°  C.  Two  substrate  orientations,  (100), 
2°  towards  <110)  and  <111)  B,  where  used  and 
both  resulted  in  the  deposition  of  about  one 
monolayer  per  cycle.  Additionally,  increasing  the 
AsHj  flux  by  almost  an  order  of  magnitude  re¬ 
sulted  in  this  same  growth  rate. 


0  20  40  60  80  100 

GaAs  InAs 

%  INDIUM  IN  SOLID 


Fig,,  2.  Thickness  per  cycle  of  ALF.  layers  versus  indium 
composiion.  The  horizontal  lines  indicate  the  ideal  Al.F.  thick¬ 
ness  per  cycle  of  GaAs  and  InAs  in  the  (100)  direction 


Several  experiments  were  performed  to  ensure 
that  the  constant  growth  per  cycle  was  not  arising 
from  the  experimental  setup  or  growth  conditions. 
One  possibility  was  that  the  growth  resulted  from 
the  gases  which  are  trapped  between  the  substrate 
and  the  fixed  part  of  the  susceptor.  However,  if 
this  were  true,  increasing  the  TMG  input  flux 
would  also  increase  the  amount  of  TMG  in  the 
trapped  volume,  yielding  a  thicker  layer.  This  did 
noi  occur,  which  also  indicates  that  the  trapped 
gases  do  not  play  a  major  role  in  growth  by  ALE. 

A  second  possibility  was  that  the  growth  could 
result  from  cross-diffusion  of  AsH,,  i.e.  AsH, 
diffusing  to  the  Ga  side.  Increasing  the  AsH  ,  flux 
by  almost  an  order  of  magnitude,  which  should 
also  increase  the  amount  of  AsH,  diffusing  to  the 
Ga  side,  resulted  in  this  same  growth  rate.  Ad¬ 
ditionally,  GaAs  was  grown  by  ALE  but  with  the 
AsH,  being  switched  off  and  flushed  from  the 
growth  chamber  each  lime  before  the  substrate 
was  exposed  to  the  TMG.  The  growth  rate  in  this 
case  was  still  about  one  monolayer  per  cycle. 
Thus,  cross-diffusion  docs  not  play  a  significant 
role  in  growth  by  ALE. 

A  possible  explanation  for  this  self-hmiting 
mechanism  comes  from  the  fact  that  the  thermal 
boundary  layer  is  quite  thin  and  the  TMG  mole¬ 
cule  may  not  decompose  until  it  is  very  near  to,  or 
actually  on  the  substrate  surface.  At  this  point,  the 
TMG  molecule  may  be  partially  or  fully  cracked 
or  re-evaporate  undissociated.  The  cracking  ef¬ 
ficiency  of  TMG  on  GaAs  at  630°C  can  be  quite 
high  ( 3),  and  this  will  result  in  a  monolayer  of  Ga, 
or  perhaps  some  intermediate  compound,  being 
deposited  on  the  substrate.  The  cracking  efficiency 
or  condensation  coefficient  of  subsequent  TMG 
molecules  on  this  initial  layer  may  be  small,  allow¬ 
ing  these  molecules  to  re-evaporate  before  they 
have  a  chance  to  crack.  If  the  self-limiting  mecha¬ 
nism  ts  a  result  of  the  molecular  origin  of  the 
column  111  species,  one  would  not  expect  it  to  be 
present  in  ALE  performed  by  conventional  MBE. 
The  exact  nature  of  this  process  is  not  clear  and 
requires  further  study. 

The  room  temperature  carrier  concentrations 
and  Hall  mobilities  for  GaAs  grown  by  ALE  at 
630°C  are  shown  in  table  1.  There  are  two  values 
listed.  The  first  one  (630a)  is  for  GaAs  grown 
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when  the  susceptor  was  quite  new.  1  he  second 
(630b)  is  for  GaAs  grown  alter  many  other  runs. 
These  two  layers  were  grown  under  identical  con¬ 
ditions.  The  large  difference  in  carrier  concentra¬ 
tions  may  he  a  result  of  carbon  incorporation.  The 
graphite  susceptor  was  coated  with  SiC,  but  alter 
many  runs,  part  of  this  coaling  was  worn  off. 
resulting  in  a  larger  background  concentration  of 
carbon.  The  low  mobilities  are  partially  a  result  of 
:he  thinness  of  the  layers.  Identical  layers,  grown 
by  conventional  MOCVD  under  the  same  condi¬ 
tions  in  the  same  system  were  semi-insulating  and 
could  not  be  contacted. 

Growth  of  GaAs  at  low  temperatures  is  inter¬ 
esting  because  it  offers  reduced  impurity  diffusion 
and  incorporation  and  reduced  diffusion  of  inter¬ 
faces.  We  have  examined  the  ALE  of  GaAs  at  450 
and  500°C.  The  growth  conditions  are  the  same 
as  mentioned  previously  except  that  the  II,  flow 
through  the  TMG  bubbler  was  10  SCCM  and  the 
AsH,  flow  was  200  SC'C'M. 

The  77  K  photoluminescence  (PL)  of  GaAs 
grown  by  ALE  at  450°C  is  shown  in  fig.  3a.  Fig. 
3b  shows  the  PL  response  of  GaAs  grown  by 
conventional  MOCVD  under  identical  conditions 
in  the  same  system.  It  can  be  seen  that  the  PL 
intensity  is  greater  for  the  ALE  sample.  The  full 
width  at  half  maximum  (FWHM)  for  the  ALE 
layer  is  about  7  meV,  which  is  comparable  to  the 
best  GaAs  we  have  grown  by  conventional 
MOCVD.  The  large  peak  is  due  to  the  GaAs  band 
to  band  transition  and  the  smaller  peak  is  prob¬ 
ably  from  a  carbon  impurity.  The  peak  in  the  bulk 
sample  is  probably  from  a  shallow  impurity  and 
its  FWHM  is  about  9  meV.  The  PL  responses  of 
GaAs  grown  at  500°C  by  ALE  and  conventional 
MOCVD  were  similar  to  each  other  in  intensity 
and  emission  wavelength. 

The  room  temperature  carrier  concentration  and 
Hall  mobilities  for  these  layers  are  listed  in  table 
1.  It  can  be  seen  that  all  the  layers  are  p-tvpe. 
Again,  layers  grown  by  conventional  MOCVD 
under  identical  conditions  in  (he  same  system 
were  semi-insulating  and  could  not  be  contacted. 

3.2.  In  As  and  InCaAs 

The  experimental  setup  and  rotation  scheme 
for  the  growth  of  InAs  was  the  same  as  that  for 
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l  it!.  .V  (a)  7?  K  photoliiminc.sccncc  of  GaAs  grown  by  Al.l.  ,n 
450 °C\  (b)  77  K  phoiolumincscence  of  GaAs  grown  by  con 
vcntional  MOCVD  ;ii  450 °C  in  the  same  system  under  idemi 
cal  conditions. 


GaAs  except  that  the  TMG  was  replaced  by  TE1 
InAs  was  successfully  grown  under  the  following 
conditions:  Two  flows  of  H,  through  the  TE! 
(20°C)  bubbler  were  used,  350  and  450  SCCM 
The  H2  carrier  gas  flows  for  the  AsH  ,  and  TE 
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wore  800  SCC'M  each.  The  growth  temperature 
was  480°C  and  the  substrates  used  were  GaAs. 
oriented  (100).  2°  towards  (110).  A  typical  growth 
consisted  of  1200  cycles. 

The  thickness  per  cycle  of  InAs  is  shown  in  fig. 
2  and  corresponds  to  about  one  monolayer  per 
cycle  [8).  This  result  indicates  that  the  TEI  acts 
similarly  to  TMG  in  the  ALE  process.  Cross  diffu¬ 
sion  tests,  similar  to  those  for  GaAs  [4],  were 
performed  to  ensure  that  growth  was  occurring  b> 
ALE  and  not  by  gases  diffusing  from  one  side  of 
the  growth  chamber  to  the  other.  The  grow  n  layers 
were  single  crystal  as  determined  by  X-ray  diffrac¬ 
tion.  They  had  hazy  surfaces  partially  because  of 
the  large  lattice  mismatch. 

InGaAs  was  grown  by  ALE  by  combining  the 
TEI  and  TMG  gases  in  one  inlet  tube  and  keeping 
the  AsH,  separate  in  the  other  inlet  tube.  Again 
the  experimental  setup  and  rotation  scheme  was 
the  same  as  that  for  the  ALE  of  GaAs  and  InAs. 
However,  in  this  case  a  cycle  consisted  of  the 
deposition  of  a  single  layer  of  Ga  +  In,  then  rota¬ 
tion  to  the  AsH,  side  and  deposition  of  a  single 
layer  of  As.  The  H2  flow  through  the  TMG 
(  — 13°C)  bubbler  was  4  SCCM.  The  H,  flow 
through  the  TEI  (20°C)  bubbler  was  varied  from 
75  to  450  SCCM.  The  AsH,  flow  was  25  SCCM. 
The  H2  carrier  gas  flows  for  the  column  III  and 
column  V  species  were  800  SCCM  each.  The 
growth  temperature  was  630° C  and  the  substrates 
were  GaAs,  oriented  (100),  2°  towards  (110).  A 
typical  growth  consisted  of  1200  cycles. 

The  thickness  per  cycle  for  InGaAs  is  shown  in 
fig.  2  and  it  can  be  seen  that  the  self-limiting 
mechanism  described  for  GaAs  and  InAs  is  also 
present  in  the  growth  of  InGaAs.  The  deposited 


Room  temperature  carrier  concentration  and  Hall  mobility  for 
GaAs  grown  by  atomic  layer  epitaxy 
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films  are  shiny  for  v<0.1  and  become  hazy  at 
larger  In  concentrations. 

Preliminary  results  indicate  that  the  incorpora¬ 
tion  of  In  in  the  solid  is  linear  with  TEI  flux  over 
a  greater  range  in  grow  th  by  ALE  than  by  conven¬ 
tional  MOCVI)  [8],  Additionally,  growth  by  ALE 
results  in  improved  uniformity  of  composition, 
across  the  substrate,  for  large  v-values  [8].  We 
believe  that  this  is  because,  in  ALE,  the  AsH,  and 
TEI  are  separated  and  are  unable  to  react.  In  the 
conventional  MOC’VD  growth  these  gases  mix 
and  react,  resulting  in  a  depletion  of  In  in  the  gas 
phase.  This  depletion  then  leads  to  a  saturation  in 
the  gas  versus  solid  composition  curve  as  well  as  a 
non-uniform  composition  across  the  substrate. 
These  results  indicate  that  ALE  may  be  a  poten¬ 
tial  technique  for  growing  uniform  ternary  and 
quaternary  layers  over  large  areas. 


4.  Conclusion 

The  growth  of  GaAs,  InAs  and  IntGa,_vAs 
(0<.v<.43)  by  atomic  layer  epitaxy  has  been 
demonstrated.  A  self-limiting  mechanism  has  been 
observed  which  limits  the  growth  rate  to  about 
one  monolayer  per  cycle  independent  of  the  col¬ 
umn  III  flux.  The  improved  incorporation  of  In  in 
the  solid  and  uniformity  of  composition  suggests 
that  ALE  may  be  a  suitable  technique  for  growing 
compound  semiconductors  over  large  areas.  Ad¬ 
ditionally.  ALE  has  the  potential  to  provide  layers 
with  uniform  thickness  and  abrupt  interfaces,  and 
may  also  be  used  to  explore  growth  mechanisms 
and  impurity  incorporation  by  MOCVD. 
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Atomic  layer  epitaxy  (ALE)  has  been  employed  to  grow  In  As  and  In,  Ga,  ,  As  (0<ar  <0.43). 

The  ALE  of  InAs,  for  example,  proceeds  by  the  deposition  of  a  single  layer  of  In  followed  by  the 
deposition  of  a  single  layer  of  As.  This  cycle  is  repeated  until  the  desired  thickness  is  achieved.  The 
column  III  and  column  V  species  are  physically  separated  and  thus  the  gas  phase  reaction 
between  triethylindium  and  AsH,  is  greatly  reduced.  This  leads  to  improved  incorporation  of 
indium  in  the  solid  and  improved  compositional  uniformity  across  the  substrate.  A  self-limiting 
mechanism  has  been  found  which  controls  the  thickness  deposited  per  cycle  to  about  one 
monolayer  independent  of  the  column  III  flux. 


In-based  compounds  can  meet  the  material  specifica¬ 
tions  for  several  important  structures  and  devices  such  as 
long  wavelength  detectors,  and  emitters  and  detectors  oper¬ 
ating  in  the  minimum  attenuation  regions  of  fiber  optic  ca¬ 
bles.  Also,  when  combined  with  lattice-mismatched  materi¬ 
als,  strained-layer  structures  composed  of  InGaAs-GaAs 
and  InGaAs-GaAsP,  for  example,  may  be  produced. 1 '  The 
growth  of  In-based  compounds  by  metalorganic  chemical 
vapor  deposition  (MOCVD)  suffers  from  the  occurrence  of 
a  gas  phase  reaction  between  triethylindium  and  AsH,  and 
PH,.  This  reaction  results  in  a  depletion  of  the  amount  of  In 
available  for  incorporation  in  the  solid  as  well  as  a  nonuni¬ 
form  composition  across  the  substrate. M  Several  techniques 
have  been  applied  to  reduce  this  problem.  They  include  the 
useoftrimethylindium  (TMI)'  and  adduct  forms  of  the  mc- 
talorganic  indium6  which  react  less  with  the  hydrides  than 
triethlyindium  (TEI ),  growth  at  low  pressure7  to  reduce  the 
amount  of  time  that  the  species  are  mixed,  and  the  addition 
of  Nj  to  the  H,  carrier  gas7'"  to  reduce  the  thermal  boundary 
layer  thickness  in  which  part  of  the  reaction  occurs. 

The  atomic  layer  epitaxy  (ALE)  of  several  II-VF  and 
III-V10  "  compounds  has  been  previously  reported.  In  this 
letter  we  present  our  results  for  the  ALE  of  In-based  com¬ 
pounds  and  demonstrate  that  this  technique  has  the  poten¬ 
tial  to  reduce  the  gas  phase  reaction  between  TEI  and  AsH , 
and  produce  layers  with  improved  compositional  unifor¬ 
mity.  Since  growth  proceeds  by  the  deposition  of  a  single 
layer  at  a  time,  thickness  control  and  uniformity  are  also 
expected  to  be  very  good. 

The  ALE  of  InAs  was  first  investigated  using  TEI  The 
growth  chamber  and  susceptor  designs  have  been  previously 
reported."12  A  schematic  of  the  susceptor  is  shown  in  Fig. 
1.  The  TEI  and  AsH,  enter  the  growth  chamber  through  two 
separate  inlet  tubes.  These  gases  flow  through  holes  in  the 
susceptor  and  only  impinge  on  the  substrate  when  it  is  rotat¬ 
ed  directly  under  a  gas  stream.  Thus,  growth  proceeds  by  the 
deposition  of  a  layer  of  In,  rotation  to  the  AsH,  side,  and  the 
deposition  of  a  layer  of  As,  and  this  cycle  is  repeated  as  many 
times  as  desired.  A  typical  run  consisted  of  1 200  cycles.  The 


substrate  makes  one  rotation  (controlled  by  a  stepping  mo¬ 
tor)  in  2.6  s  and  the  exposure  time  to  each  gas  is  0.3  s.  The  H, 
flows  through  the  TEI  (20  °C)  bubbler  were  350  and  450 
seem.  The  AsH,  (5%  in  H,)  flow  was  200  seem.  The  H, 
carrier  gas  flows  for  the  TEI  and  AsH,  were  800  seem  each. 
A  center  flow  of  H,  (5  1pm),  not  shown  in  Fig.  1,  helps 
prevent  mixing  of  the  TEI  and  AsH,.  The  growth  tempera¬ 
ture  was  480  °C  and  the  substrates  were  GaAs,  oriented 
(100),  2°  towards  (110). 

The  growth  rate  of  InAs  was  approximately  one  mono- 
layer  per  cycle,  independent  of  the  TEI  flux.  This  indicates 
that  a  self-limiting  mechanism,  like  one  for  the  growth  of 
GaAs, 1 :  is  occurring.  The  grown  layers  were  single  crystal  as 
determined  by  x-ray  diffraction  and  had  hazy  surfaces  be¬ 
cause  of  the  large  lattice  mismatch.  A  cross-diffusion  test, 
similar  to  that  for  the  ALE  of  GaAs,  "IJ  was  also  performed 
to  ensure  that  growth  was  occurring  by  ALE  and  not  by 
gases  diffusing  from  one  side  of  the  growth  chamber  to  the 
other.  This  was  done  by  positioning  a  substrate  under  the 
TEI  input  tube  with  both  the  TEI  and  AsH,  flowing.  This 
resulted  in  a  rough,  metallic  deposit  which  could  easily  be 
scraped  off.  Additionally,  no  InAs  could  be  detected  by  x- 


KfG  1  Schematic  diagram  of  (he  susceptor  used  for  growth  by  ALE  The 
input  gases  flow  unimpeded  until  (he  substrate  is  rotated  directly  under  the 
inlet  lube 
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FIG.  2.  Percent  indium  in  the  alloy  is  I  lie  1 1  ■  flow  through  t  lie  I  Id  bubbler 
These  values  are  taken  front  the  center  of t  lie  substrate.  (•!  A 1 .1-1.  (<  I 
conventional  bulk  MOCVD 


ray  diffraction. 

InGaAs  was  next  grown  by  ALU.  This  was  done  by 
combining  the  TEI  and  trimethylgallinm  (TMG)  gases  in 
one  inlet  tube  and  keeping  the  AsH,  separate  in  the  oilier 
tube.  The  experimental  setup  and  rotation  scheme  was  the 
same  as  that  for  the  ALE  of  InAs  However,  in  this  ease  a 
cycle  consisted  of  the  deposition  of  a  layer  of  Ga  -I  In.  rota¬ 
tion  to  the  AsH,  side  and  deposition  of  a  layer  of  As.  The  H- 
flow  through  the  TMG  (  -  1 3  °C)  bubbler  was  4  scent.  The 
H,  flow  through  the  TEI  (20  °C)  bubbler  was  varied  from  75 
to  450  seem.  The  AsH  ,  (low  was  25  seem  The  II.  carrier  gas 
flows  for  the  column  III  and  column  V  species  were  8(H) 
seem  each.  The  growth  temperature  was  630  °C  and  the  sub¬ 
strates  were  Ga  As.  A  typical  growth  consisted  of  1 200  cy¬ 
cles. 

The  growth  rate  of  InGaAs  was  again  about  one  mono- 
layer  per  cycle  independent  of  the  column  111  flux  Thus  the 
self-limiting  mechanism  described  for  GaAs  and  InAs  is  also 
present  in  the  growth  of  InGaAs.  The  deposited  films  are 
shiny  for x  <0. 1,  and  start  to  become  hazy  at  larger  In  com¬ 
positions.  The  composition  of  the  layers  was  determined  by 
x-ray  diffraction. 

The  incorporation  of  In  in  the  solid  by  ALE  is  quite 
linear  with  the  TEI  flux,  keeping  the  TMG  flux  constant 
This  is  shown  in  Fig.  2,  which  also  shows  the  composition  of 
InGaAs  layers  grown  under  identical  conditions  by  conven¬ 
tional  MOCVD  in  he  same  system.  In  this  case,  the  TMG. 
TEI,  and  AsH,  flow  together  through  one  inlet  tube  directly 
onto  a  stationary  substrate.  The  compositions  plotted  in  Fig. 
2  are  taken  from  the  center  of  the  substrate.  It  is  evident  that 
the  linear  range  is  greater  by  ALE  than  conventional 
MOCVD.  Larger  In  concentration  in  the  solid  may  be 
achieved  by  ALE;  however,  we  were  limited  by  the  maas 
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FIG.  .>.  Variation  in  the  composition  of  InGaAs  across  the  substrate  in  the 
radial  direction  The  H ,  flow  through  the  TEI  bubbler  is  450 seem.  Uniform 
layers  arc  produced  by  both  mclhods  when  I  he  amount  of  indtim  is  less  than 
20%  (•)  ALE.  (O.  A)  conventional  bulk  MOCVD 


flow  controllers  associated  with  the  TEI  and  TMG  bubblers. 

The  variation  of  the  solid  composition  of  InGaAs  in  the 
radial  direction  is  shown  in  Fig.  3  for  a  H,  flow  through  the 
TEI  bubbler  of  450  seem.  Also  shown  is  the  variation  for 
InGaAs  grown  under  identical  conditions  by  conventional 
MOCVD  in  the  same  system.  Uniform  layers  are  produced 
by  both  methods  when  the  amount  of  indium  is  less  thar. 
20%.  It  is  evident  that  growth  by  ALE  gives  greater  unifor¬ 
mity  across  the  substrate  for  large  In  compositions. 

The  AsH,  and  TEI  are  separated  during  growth  by 
ALL  and  thus  any  gas  phase  reaction  between  the  two  is 
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FIG  4.  Detail  of  the  growth  system  showing  the  relationship  between  the 
position  ot  the  gas  inlet  tube  and  (he  substrate.  Note  that  the  inlet  tube  is 
shifted  to  the  left  of  the  center  of  the  substrate. 
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prevented -from  occurring.  The  situation  is  quite  different  in 
the  conventional  bulk  growth.  In  this  case,  the  AsH,  is 
mixed  with  the  TEI  and  a  gas  phase  reaction  can  take  place 
in  the  inlet  tube  to  the  growth  chamber,  in  the  growth 
chamber  itself,  or  within  thermal  boundary  layer  near  the 
surface  of  the  hot  substrate.  The  inside  of  the  inlet  tube 
showed  a  yellowish  discoloration  after  the  bulk  growth  of 
InGaAs  which  indicates  the  possibility  of  a  close  to  room- 
temperature  reaction  This  discoloration  did  not  occui  with 
the  ALEof  InGaAs.  However,  as  shown  in  Fig.  3.  the  inner¬ 
most  portion  of  the  bulk-grown  layer  (  near  zero  cm )  has  an 
In  composition  similar  to  that  of  the  A  IF;  layer  grown  under 
identical  conditions.  This  indicates  that  the  room-tempera¬ 
ture  reaction  in  and  directly  below  the  input  tube  does  not 
significantly  reduce  the  TEI  concentration  in  the  gas  phase 
The  variation  in  the  In  composition  by  bulk  growth  may 
be  explained  by  a  reaction  between  AsH,  and  TEI  in  the 
thermal  boundary  layer  above  the  substrate.  The  experimen¬ 
tal  setup  is  such  that  the  column  III  gas  stream  is  incident  on 
the  inside  portion  of  the  substrate  as  shown  in  Fig.  4.  The 
gases  must  then  flow  outward  to  reach  the  other  side  of  the 
wafer.  As  the  gases  flow  outward  over  the  hot  substrate,  (he 
AsH,  and  TEI  react,  resulting  in  a  reduction  in  the  mole 
fraction  of  TEI  in  the  gas  phase  and  a  corresponding  reduc¬ 
tion  of  In  in  the  solid  as  shown  in  Fig.  3.  This  hypothesis  is 
consistent  with  the  results  of  adding  N,  to  the  11,  carrier 
gas.7  K  In  this  case,  the  higher  thermal  conductivity  of  N ., 
with  respect  toH,,  acts  to  reduce  the  thermal  boundary  layer 
thickness  resulting  in  a  smaller  volume  in  which  the  reaction 
can  effectively  occur.  This  approach  has  been  used  to  im¬ 
prove  the  quality  of  Inf,,,Ga,)47 As  grown  ori  InP  sub¬ 
strates.7-*  The  ability  of  ALE  to  produce  layers  with  good 
compositional  uniformity  indicates  that  it  may  be  a  promis¬ 
ing  technique  for  producing  ternary,  and  possibly  quater¬ 
nary,  layers  over  large  areas.  This  inherent  control  has  been 
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demonstrated  by  the  production  of  large  area  ZnS  electrolu¬ 
minescent  displays  by  ALE  1 ' 

The  growth  of  In  As  and  In,  Ga,  ,  As  (0  <x  <0.43)  by 
atomic  layer  epitaxy  has  been  demonstrated.  A  self-limiting 
mechanism  has  been  observed  which  controls  the  deposition 
to  il  o ut  one  monolayer  per  cycle  independent  of  the  column 
III  flux.  The  incorporation  of  In  in  the  solid  and  the  compo¬ 
sitional  uniformity  are  improved  in  the  layers  grown  by  ALE 
as  compared  to  conventional  MOCVD  in  the  same  system. 
These  results  indicate  that  ALE  may  be  able  to  produce  ter¬ 
nary,  and  possibly  quarternary  (such  as  InGaAsP  and 
InGaAsSb).  layers  oxer  large  areas  with  uniform  thickness 
and  composition.  ALE  may  also  be  used  as  a  tool  to  investi¬ 
gate  various  aspects  of  growth  mechanisms  by  MOCVD 
The  authors  would  like  to  thank  the  Air  Force  Office  of 
Scientific  Resc.  -eh  for  supporting  this  work. 
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Ultrathin  InAs/GaAs  single  quantum  well  structures  grown  by  atomic  layer 
epitaxy 
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Extremely  thin  InAs/GaAs  single  i|uantum  well  structures  have  been  grown  by  atomic  layer 
epitaxv  The  wells  were  2  and  4  InAs  monolayers  thick  Photolummesccnce  spectra  (  10  K.  ) 
from  these  structures  are  sharp,  intense,  and  uniform  across  the  sample  with  lull  widths  at 
half-maximum  for  the  2  and  4  monolayer  wells  of  12  and  17  mcV,  respectively.  These  results 
indicate  the  high  degree  of  control  inherent  m  atomic  layer  epitaxy  as  well  as  its  ability  to  grow 
high  quality  materials 


Quantum  wells  ami  super 'lattices,  as  well  as  devices  in¬ 
corporating  these  structures,  such  as  modulation-doped 
field-effect  transistors  (MODEM  Is)  anil  quantum  well  la¬ 
sers.  require  the  ability  to  produce  thin  layers  with  abitipi 
interfaces  The  single  quantum  well  (SQW  i,  in  particular,  is 
of  great  interest  because  it  can  be  used  to  tin  esligate  pin  sics 
m  the  quantum  regime  as  well  as  the  ability  of  a  growth 
system  to  produce  these  sophisticated  structures  These  de¬ 
manding  reauiremenls  have  been  achieved,  w  ith  a  large  mea¬ 
sure  of  success,  by  molecular  beam  epitaxy  t  M  III  )  and  me 
talorganic  chemical  vapor  deposition  (MOO'D)  1  'Indus 
letter  we  report  on  very  thin  InAs  single  quantum  wells 
grown  by  a  different  technique,  atomic  layer  epitaxy 
(  ALE )  1 '  We  have  prev  iously  reported  on  the  atomic  lay  ci 

epitaxy  of  GaAs.  InAs.  and  (InGa)As  1  •'  I  he  photolu¬ 

minescence  (PL)  data  from  these  SQW  structures  indicate 
that  ALE  is  capable  of  growing  uniform,  thin  layers  with 
extremely  abrupt  interfaces. 

Atomic  layer  epitaxy  is  a  relatively  new  technique  for 
synthesizing  compound  semiconductors  which  has  the  po¬ 
tential  for  very  precise  control  of  the  growth  process.’’  *' 
Growth  proceeds  by  the  alternate  deposition  of  the  column 
III  and  column  V  species  (for  the  growth  of  1 1 1  -  V  semicon¬ 
ductors).  This  is  in  contrast  to  conventional  growth  where 
all  of  the  species  arrive  at  the  substrate  simultaneously.  One 
very  important  feature  of  ALE  is  that  only  a  single  mono- 
layer  is  deposited  at  a  time,  l"“1'  thus  giving  excellent  control 
of  the  layer  thickness.  GaAs,  for  example,  is  grown  by  the 
deposition  of  a  layer  of  Ga  or  Ga  species,  followed  by  the 
deposition  of  a  layer  of  As  or  As  species.  Since  only  one 
monolayer  of  GaAs  (  —2.83  A)  is  deposited  per  cycle,  the 
total  thickness  is  determined  only  by  the  lattice  constant  of 
the  material  and  the  number  of  cycles  and  can  be  controlled 
very  accurately.  Additionally,  very  abrupt  interfaces  are 
possible  simply  by  changing  sources  and  continuing  with  the 
growth. 

A  schematic  of  the  SQW  structure  is  shown  in  Fig.  1. 
The  substrates  were  silicon  doped  (,V;)  =  3x  10'")  GaAs, 
oriented  ( 100),  2°  towards  (011).  The  growth  takes  place  in 
a  modified  atmospheric  pressure  metalorganic  chemical  va¬ 
por  deposition  (MOCVD)  system  which  has  the  capability 
to  grow  material  by  both  conventional  MOCVD  and  ALE. 
The  l-/im-thick  GaAs  buffer  layer  was  grown  by  conven¬ 
tional  MOCVD.  t hat  is.  with  the  AsH ,  and  tnmethvlgallium 


(  IMG )  an  iv  mg  simultaneously  at  the  substrate.  The  GaAs 
confining  layers  and  the  InAs  wells  were  grown  by  ALE 
The  details  of  the  ALE  growth  process  have  been  reported 
previously. i:' To  ensure  that  the  InAs  was  deposited  pseu- 
domorphically  (elastically  strained),  the  well  widths  were 
kept  below  the  critical  thickness  for  the  onset  of  disloca¬ 
tion  generation."’  For  this  large  lattice  mismatch  (  —  7.40- ). 
/;,  is  about  20  A.1*' 

As  shown  in  Fig.  1,  the  growth  consisted  of  first  180 
cycles  of  GaAs  (  -  500  A)  for  the  bottom  confining  layer 
The  TMG  source  was  (hen  turned  off  and  the  triethylindium 
(  FED  source  was  turned  on.  The  InAs  wells  were  then 
grown  using  either  two  or  four  cycles,  each  cycle  corre¬ 
sponding  to  one  monolayer  of  InAs.  Then  the  TEI  source 
was  turned  off.  the  TMG  source  turned  on,  and  the  180  cycle 
!  -  500  A )  GaAs  top  confining  layer  was  grown.  During  the 
gas  switching  period  between  TEI  and  TMG  (  —  1.5  min), 
the  substrate  sat  under  the  AsH,  flow.  The  gr  ;h  tempera¬ 
ture  for  the  ALE  layers  was  480  °C.  The  surfaces  of  these 
layers  were  smooth  and  mirrorlike.  Calculated  widths  of  the 
quantum  wells  arc  approximately  6.6  and  1 3. 1  A,  respective¬ 
ly  .  assuming  a  value  of  3.28  A  per  monolayer  for  pseudomor- 
pliie  InAs  strained  to  lattice  match  GaAs. 

The  single  quantum  wells  were  characterized  by  photo¬ 
luminescence  spectroscopy  which  is  very  sensitive  to  materi¬ 
al  and  interface  quality.1'1"  High  quality  SQW’s  typically 
exhibit  sharp,  intense  peaks.1''’  "  In  preparation  for  PL.  the 
samples  were  cleaved  into  squares  2—4  mm  on  a  side,  mount¬ 
ed  in  In  on  a  copper  sample  holder,  and  cooled  to  19  K  in  a 
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t  U  t  1  Schematic  ot  the  InAs/GaAs  single  quantum  well  struclure  crow  n 
In  atomic  layer  epitaxy  t  he  buffer  layer  is  grown  by  conventional  bulk 
MOCVD 
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FIG.  2.  Photolnminesecnce  spectra  lor  the  2  anti  4  cycle  single  ipi.niunu 
wells.  The  integer  next  to  each  spectrum  corresponds  to  the  mimhct  ot  In  As 
monolayers  in  the  well 


closed  cycle  He  cryostat.  A  e\\  Ar  '  laset  (A  5145  A  >  was 
used  as  an  excilalion  source  with  I  lie  beam  focused  lo  al'otii  ,t 
30-/rm  spot  on  the  sample  surface.  A  relatively  limit  power 
density  of  about  1.7  X  10'  W/cm  was  used  for  excitation. 
The  PL  spectra  were  obtained  using  a  0.64-m  spectrometer 
and  a  cooled  S  1  photomultiplier. 

The  spectra  for  the  2  and  4  cycle  wells  are  shown  in  Fig. 
2.  The  luminescence  is  strong  with  narrow  spectral  widths, 
indicating  the  high  quality  of  the  material  and  the  interlaces. 
The  FWHM  of  the  spectra  are  12  and  1 7  meV  ( for  the  2  and 
4  cycle  wells,  respectively)  and  are  among  the  narrowest 
reported  for  such  thin  single  quantum  wells  in  this  or  other 
material  systems.1''  "  An  identical  2  cycle  SQW  structure, 
grown  seven  months  after  the  first  one,  hits  almost  identical 
spectral  characteristics.  Peak  energies  and  full  widths  at  half 
maximum  (FWHM )  for  these  2  cycle  structures  are  within 
8  and  0.5  meV,  respectively. 

The  potential  of  Al.F.  to  grow  with  a  high  degree  of 
spatial  thickness  uniformity  has  also  been  studied  for  sam¬ 
ples  1.5  cm  on  a  side.  The  phoiolumincsccncc  peak  energy. 
FWHM,  and  phololumineseenee  peak  energy  variation  A/-.' 
across  each  sample  are  summarized  in  Table  I  The  peak 
energies,  spectral  widths,  and  line  shapes  across  each  sample 
are  very  uniform  which  indicates  a  high  degree  of  control  of 
layer  thickness  and  interface  quality.  The  peak  energy  vari¬ 
ation  A£"  across  each  sample  is  less  than  1/4  of  (he  energy 
difference  between  the  2  and  4  cycle  structures  suggesting 
that  the  layers  are  uniform  to  within  one  monolayer.  The 
ability  to  produce  uniform  layers  is  very  important  in  many 
applications.  For  example,  in  CinAs  integrated  circuits,  var¬ 
iations  in  channel  thickness  translate  into  threshold  voltage 
variations. 
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alion  across  a  single  sample  Hie  samples  are  I  5  -  I  5  cm 
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In  conclusion,  the  growth  of  high  quality  InAs/ti.i  As 
single  quantum  well  struct  tires  lias  been  demonstrated  In 
atomic  layer  epitaxy  I’hoioluinmescenee  spectra  from  these 
wells  show  sharp  intense  peaks  with  FWHM  for  the  2  and  4 
cycle  wells  (corresponding  to  -  (>.  band  15.1  A)  of  I  2  and  I" 
meV,  respectively.  These  are  among  the  narrowest  reported 
for  such  thin  wells  in  this  or  other  material  systems  The  line 
shape  and  FWHM  are  also  very  uniform  across  each  sample 
In  addition,  2  cycle  structures  grown  seven  months  apnri 
show  almost  identical  spectral  characteristics.  These  results 
indicate  that  ALE  has  the  abiliiy  to  grow  uniform,  high  quo  1  - 
in  material  with  excellent  control  of  layer  thickness  and 
interface  abruptness.  This  control  is  inherent  in  ALE  be¬ 
cause  growth  proceeds  one  monolayer  at  a  time. 
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Lifetime  Test  for  High-Current-Injection 
Strained-Layer  Superlattice  Light- 
Emitting  Diode 

T.  KATSUYAMA.  Y.  J.  YANG,  and  SALAH  M.  BEDAIR,  member,  ieee 


Abstract — Successful  long-term  rooni-tcmpcralurc  operation  of 
InGaAs/CaAsP  strained-layer  superlalticc  (SI.S)  light-emitting  diodes 
(LED’s)  under  high  constant  current  injection  is  reported.  The  devices 
have  been  tested  up  to  1000  h  with  830  A/cm!,  2000  h  with  3000  A/cm1, 
and  2000  h  with  4000  A/cm1  with  no  observed  degradation  in  the  optical 
outputs.  These  results  indicate  that  an  SI.S  with  lattice  constant  well 
matched  to  that  of  (he  substrate  is  stable  under  high-lcvci  current 
injection. 


RECENTLY,  strained -layer  siipcrlattices  (SLS's)  which 
consist  of  alternating  thin  layers  of  two  semiconductors 
having  different  lattice  constants  in  hulk  crystal  form  have 
received  considerable  attention  in  electronic  and  optical  device 
applications.  The  basic  electronic  and  optical  properties  of  the 
SLS’s  can  be  modified  over  a  wide  range  by  a  proper  choice  of 
material  and  geometrical  parameters  [I],  A  number  of 
applications  using  those  SLS  structures  in  lasers  [2]-[6],  light- 
emitting  diodes  (LED’s)  (7J-[9J ,  photodetectors  [10HI2), 
and  FET’s  [13]  have  been  reported.  Although  these  SLS’s 
have  great  flexibility  in  device  design,  their  reliability  has 
been  questioned.  In  particular,  it  has  been  observed  that  under 
conditions  where  constant  high-level  excitation  or  rapid 
thermal  cycling  is  required,  the  SLS  devices  are  unstable  [4], 
It  is  noted,  however,  that  many  of  SLS  structures  are  noi 
lattice  matched  to  the  substrate.  Consequently,  mislu  disloca¬ 
tions  are  always  generated  at  the  interface  between  the  SLS 
and  the  substrate  when  a  total  thickness  of  the  SLS  exceeds  a 
strain-dependent  critical  thickness  [14],  In  order  to  avoid  the 
generation  of  these  misfit  dislocations,  device  structures 
normally  incorporate  with  a  buffer  layer  whose  lattice  constant 
is  equal  to  the  average  lattice  constant  of  the  SLS.  However, 
misfit  dislocations  are  still  generated  between  the  buffer  layer 
and  the  substrate  and  propagate  toward  the  SLS.  This  probably 
explains  why  SLS  devices  such  as  photopumped  lasers  are 
unstable  especially  under  high-level  excitation. 

In  this  letter,  we  report  a  series  of  lifetime  tests  for  InGaAs/ 
GaAsP  SLS  LED’s  to  investigate  the  reliability  of  these 
structures.  Since  the  rnGaAs/GaAsP  SLS  structure  consists  of 
alternating  InGaAs  and  GaAsP  layers  with  equal  and  opposite 
lattice  mismatch  with  respect  to  the  GaAs  substrate,  the 
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work  was  supported  by  the  National  Science  Foundation  and  (he  Air  Force 
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average  lattice  constant  can  be  matched  to  that  of  GaAs 
Therefore  this  SI  S  can  be  incorporated  with  GaAs  and 
AIGaAs  device  structures  without  the  formation  of  misfit 
dislocations  at  the  heterointerface.  Several  potential  applica 
tions  of  this  SLS  including  LED’s  [7],  defect  reduction  (15). 
and  solar  cell  [I6J  have  been  reported. 

The  LED  structure  was  grown  by  mctalorganic  chemical 
vapor  deposition  (MOCVD)  at  atmospheric  pressure.  Trt 
methylgallium  (TMG),  triethylindium  (TEI),  AsHj,  and  PH, 
were  used  in  Ga,  In,  As.  and  P  sources,  respectively.  H2Sc 
and  dimcthylzinc  (DMZ)  were  used  as  the  n-type  and  p-type 
dopant,  respectively.  A  schematic  cross  section  of  the  device 
is  shown  in  Fig.  i .  First,  a  Se-doped  0.3-/cm  GaAs  (n  -  I  x 
10’8  cm-3)  was  grown  on  a  (100)  Si-doped  GaAs  substrate. 
Then  an  undoped  ten-period  Ino  iGao.gAs/GaAso.gPo :  SLS 
active  region  was  grown  by  injecting  TEI  and  PHj  alternately 
during  the  growth  of  GaAs.  The  thickness  of  each  layer  is 
about  100  A  (total  active  region  is  about  2000  A  ).  The 
mismatch  between  GaAs  and  the  two  compounds  in  bulk 
crystal  form  is  ±0.79  percent.  Finally,  a  Zn-doped  0.5-^ni 
GaAs  layer  (p~  1  x  10IS  cm  " 3)  was  grown  on  the  SLS.  The 
growth  temperature  was  630°C  for  all  these  layers.  A  SiO: 
laycr  (2000  -  3000  A )  was  deposited  by  plasma-assisted 
CVD  to  make  a  6-/im-wide  stripe  structure.  The  wafer  was 
thinned  down  to  about  70  gitt  and  polished;  then  ohmic 
contacts  were  made  by  depositing  Au-Sn-Au  (100,  200,  1000 
A)  followed  by  annealing  at  SOO'C  for  10  s  for  n-type  and 
Au-Cr-Au  (100,  200,  1000  A)  for  p-type.  Finally,  the  wafer 
was  cleaved  and  sawed  into  individual  diodes  with  typical 
dimensions  of  250  x  300  gim2.  The  ideality  factor  for  these 
diodes  ranged  between  2  and  3  over  three  orders  of  magnitude 
on  a  current  scale. 

Diodes  were  mounted  to  a  gold-plated  copper  block  with  the 
p-lype  lace  down  and  held  by  a  spring  clip.  The  optical  output 
was  detected  by  a  Si  photocell.  Three  current  injection  levels, 
namely,  830,  3000,  and  4000  A/cm2,  were  used  in  our  lifetime 
tests.  Seven  devices  have  been  randomly  selected  and  tested 
(one  at  830  A/cm2,  one  at  3000  A/cm2,  and  five  at  4000  A / 
cm2).  Since  the  junction  of  the  diode  is  formed  less  than  1  ^m 
below  the  p-type  electrode,  the  current  spreading  effect  is  not 
significant.  Current-voltage  measurements  performed  on  sev¬ 
eral  samples  which  had  no  direct  connection  between  the  metal 
contact  and  p-type  GaAs  layer  (i.e.,  the  SiOj  layer  has  no 
stripe  cut  through  it)  showed  a  current  three  orders  of 
magnitude  less  than  the  current  through  the  tested  devices.  All 
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Fig.  1.  Schematic  drawing  of  SLS  LED  structure.  The  undoped  active 
region  consists  of  ten-period  ln«  |G;i««|As/GaAsi  ^P,,  _»  SLS  (each  layer 
-  100  A)  with  lattice  constant  equal  to  that  of  GaAs. 


devices,  including  the  ones  without  the  metal  contact  stripe, 
were  the  same  size  (250  x  300  pm2),  and  were  tested  at  the 
same  operating  forward  bias  (1.45  V).  Therefore  the  leakage 
current  across  the  edges  of  the  diode  and  through  the  Si02 
insulation  layer  will  be  less  than  a  fraction  of  a  percent  of  the 
total  current  flowing  through  the  junction.  Moreover,  the 
optical  output  for  a  given  input  current  was  found  to  be 
independent  of  the  size  of  the  diod;  for  the  same  6-pm-widc 
stripe  structure.  Consequently,  the  current  density  is  deter¬ 
mined  by  assuming  the  effective  current  injection  area  of  10  x 
250  pm2  for  a  stripe  structure  whose  contact  area  is  6  x  250 
p  m2. 

Fig.  2  shows  the  optical  outputs  as  a  function  of  operating 
time  with  constant  current  injection  at  room  temperature.  No 
degradation  in  the  optical  outputs  has  been  observed.  For 
instance,  for  a  830-A/cm2  current  injection,  the  diode  (no 
stripe  structure,  full-surface  metallization  125  x  125  unr) 
has  operated  for  more  than  1000  h  without  degradation).  The 
device  tested  at  830  A/cm2  has  no  stripe  structure,  but  all  the 
other  devices  have  the  stripe  structure  shown  in  Fig.  I .  It  has 
also  been  observed  that  there  is  no  degradation  up  to  2000  h  at 
a  current  density  of  3000  A/cm2.  By  comparison,  at  4000  A / 
cm2,  one  of  the  five  devices  has  operated  for  more  than  2000  h 
without  degradation.  Lifetime  testing  at  4000  A/cm2  on  two  of 
the  five  devices  was  suspended  at  100  h  with  no  observed 
degradation.  Two  of  five  devices  tested  at  4000  A/cnr'  failed 
after  6-iO-h  operation.  Under  such  a  high  injection  level,  the 
device  performance  seems  strongly  dependent  upon  the 
method  of  device  processing  and  mounting.  We  think  that  the 
catastrophic  degradation  of  two  samples  at  4000  A/cnr  is  not 
directly  related  to  the  device  structure,  since  other  devices 
showed  long-performance  lifetimes.  Although  not  shown  in 
Fig.  2,  there  are  slight  reductions  (less  than  a  few  percent)  in 
the  optical  outputs  within  the  first  hour.  This  reduction  is 
somewhat  larger  for  the  diode  which  has  no  stripe  structure 
than  it  is  for  a  stripe-structure  diode.  This  is  probably  because 
of  a  larger  surface  leakage  current  due  to  the  structure  which 
has  no  Si02  insulation  layer.  For  a  stripe-structure  diode,  such 
an  initial  reduction  in  the  optical  output  is  very  small.  Under  a 
high-level-injection  condition  at  which  the  optical  output 
almost  saturates,  a  slight  reduction  in  the  optical  output  has 
been  observed.  This  is  mainly  because  of  junction  heating 
caused  by  the  high  current  injection.  In  fact,  above  4000  A/ 


OPERATING  TIME  (hi 

Fig  2  Optical  outputs  as  a  function  of  operating  time.  After  the  initial 
reduction  (less  than  a  few  percent)  no  degradation  has  been  observed. 


Fig  3  Typical  emission  spectra  of  LED  at  77  K  and  290  K  (a)  before  and 
( b )  after  500-h  operation  with  3000-A/cm!  current  injection.  The  spectral 
peak  positions  remained  unchanged,  while  the  spectral  widths  were  slightly 
broadened. 


cur  (lie  optical  output  decreases  gradually  as  the  current 
density  increases  because  of  the  heating  effect  at  the  junction. 

The  lifetime  test  was  interrupted  after  500-h  operation  for 
the  spectral  measurements.  Fig.  3  shows  typical  emission 
spectra  at  77  K  and  290  K  both  before  and  after  500-h 
operation  with  3000-A/cm2  current  injection.  The  spectral 
measurements  were  done  with  the  current  density  of  200  A / 
cm2  both  before  and  after  the  aging  test.  After  500-h 
operation,  the  spectral  peak  positions  remained  unchanged, 
while  the  spectral  line  widths  increased  slightly  (3.6  meV  at 
290  K,  3.9  meV  at  77  K)  as  illustrated  in  Fig.  3.  After  2000-h 
operation  (not  shown  in  Fig.  3),  the  spectral  peak  positions 
still  remained  unchanged,  while  the  spectral  line  widths 
increased  (2.1  meV  at  290  K,  3.5  meV  at  ~!l  K).  The 
mechanism  responsible  for  this  broadening  is  not  clear. 
However,  this  broadening  may  be  attributed  to  the  impurity 
diffusion  into  quantum  wells.  The  interdiffusion  at  the  SLS 
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interfaces,  which  will  result  in  both  spectral  broadening  and 
shift  of  the  peak  position,  may  be  insignificant,  since  no 
spectral  peak  shift  was  observed.  These  preliminary  observa¬ 
tions  suggest  that  an  SLS  which  is  lattice  matched  to  the 
substrate  is  stable  under  high-current-injection  conditions  and 
has  a  great  potential  for  practical  device  applications. 

In  conclusion,  we  have  presented  the  lifetime  test  ol 
InGaAs/GaAsP  SLS  LED’s  to  investigate  the  reliability  ol  (he 
SLS  structure.  No  degradation  in  the  optical  outputs  has  been 
observed  up  to  1000,  2000,  and  2000  h  with  830-,  3000-,  and 
4000-A/cm2  injection  current  density,  respectively.  Although 
there  is  a  slight  spectral  line  with  broadening  reflecting  some 
changes  in  the  active  region  of  the  device,  the  important 
features  of  the  LED,  emission  wavelength  and  output  inten¬ 
sity,  remain  unchanged.  These  results  indicate  that  the  SLS 
which  has  a  lattice  constant  equal  to  that  of  the  substrate  is 
stable  under  high  current  injection  and  has  a  great  potential  for 
practical  SLS  device  applications. 
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InGaAs/GaAsP  strained  layer  superlattices  have  been  grown  by  melalorganic  chemical  vapor 
deposition  on  ( 100)  GaAs  at  630  °C.  The  superlattices  consist  of  5-45  periods  of  alternate 
InGaAs  and  GaAsP  layers  with  equal  and  opposite  lattice  mismatch  up  to  1.1%  with  respect 
to  the  GaAs  substrate.  Thus,  their  lattice  constant  as  a  whole  will  be  matched  to  that  of  GaAs. 

Cross-sectional  transmission  electron  microscopy  and  x-ray  diffraction  measurements  indicate 
that  the  superlattices  have  high  structural  quality  with  no  misfit  dislocations  at  the  interface 
between  the  superlattice  and  the  substrate.  A  very  intense  and  sharp  photoluminescence 
spectrum  (linewidth  =  4  meV)  at  4.5  K  suggests  that  the  interface  abruptness  is  less  than  two 
monolayers.  Photoluminescence  measurements  along  the  beveled  surface  of  the  superlattice 
also  indicate  a  high  optical  quality  within  the  superlattice  as  well  as  at  the  superlattice/ 
substrate  interface. 


I.  INTRODUCTION 

Semiconductor  superlattices  (SL)  have  been  developed 
recently  and  have  provided  both  fundamental  and  technical 
interest.  Their  properties,  in  principle,  can  be  tailored  by  a 
proper  choice  of  the  materials  and  geometrical  parameters. 
Most  of  the  superlattice  structures  widely  investigated  are 
usually  grown  using  lattice  matched  material  systems  such 
as  GaAs/AlGaAs.  However,  superlattices  can  also  be 
grown  from  lattice  mismatched  material  systems  which  offer 
more  degrees  of  freedom.'  In  such  a  structure  the  lattice 
mismatch  between  the  two  compounds  is  accommodated  by 
elastic  strain  rather  than  by  misfit  dislocations  at  the  inter¬ 
face  as  long  as  the  thickness  of  each  layer  is  less  than  a  strain- 
dependent  critical  thickness.2,3  The  first  strained  layer  su¬ 
perlattices  (SLSs)  were  grown  by  vapor  phase  epitaxy  using 
the  GaAsP/GaAs  system.4  Recent  developments  of  crystal 
growth  techniques,  such  as  molecular-beam  epitaxy  (MBE) 
and  metalorganic  chemical  vapor  deposition  (MOCVD), 
allow  the  growth  of  high  quality  SLSs  such  as  InGaAs/ 
GaAs  and  GaAsP/GaP.5-8  Although  these  SLSs  show  flexi¬ 
bility  in  device  designs  and  have  good  optical  and  electrical 
properties,  their  average  lattice  constants  are  usually  differ¬ 
ent  from  those  of  their  substrates.  Therefore,  the  total  thick¬ 
ness  of  the  SLS  must  be  below  a  certain  critical  value,  or  a 
buffer  layer  whose  lattice  constant  is  equal  to  the  average 
lattice  constant  of  the  SLS  is  required  to  avoid  the  generation 
of  misfit  dislocations  at  the  interface  between  the  substrate 
and  the  SLS.  This  requirement  restricts  the  use  of  SLSs  as  a 
part  of  a  device  structure.  Several  material  systems  can  be 
thought  of  to  overcome  this  limitation,  allowing  the  SLS  as  a 
whole  to  be  lattice  matched  to  a  given  substrate.  Examples 
are  InGaAs/GaAsP,  GaAsP/GaAsSb,  and  GaAsP/In- 
GaAsSb  on  GaAs  substrate9  and  GaAs/InAs,"'  AlInAs/ 
InGaAs,"12 and  InxGai  _x  As/In,  Ga,  _yAsMon  InPsub- 
strate. 

We  have  recently  demonstrated  several  potential  appli¬ 


cations  of  InxGa,  As/GaAs,  _yP>  SLSs  grown  on  GaAs 
substrates,  such  as  light  emitting  diodes  (LEDs),14  defect 
reduction,15  and  solar  cells.16  In  this  structure,  withy  =  lx 
and  equal  layer  thickness,  the  InGaAs  layers  will  be  under 
biaxial  compression,  whereas  the  GaAsP  layers  will  be  un¬ 
der  biaxial  tension  and  the  average  lattice  constant  of  the 
SLS  will  be  equal  to  that  of  the  GaAs  substrate.  The  unique¬ 
ness  of  this  SLS  is  that  it  allows  the  use  of  GaAs  and  AlGaAs 
for  a  device  structure  without  the  formation  of  a  high  density 
of  misfit  dislocations  at  the  heterointerface.  They  may  also 
provide  enhanced  carrier  collection  due  to  strain, 17  as  well  as 
a  larger  band-gap  discontinuity.  In  this  paper,  we  report  the 
growth  and  characterization  of  InGaAs/GaAsP  SLSs 
grown  by  MOCVD  on  ( 100)  GaAs  substrates.  Structural 
and  optical  quality  as  well  as  interface  quality  of  the  hetero¬ 
junction  was  examined  by  x-ray  diffraction,  transmission 
electron  microscopy  (TEM),  optical  microscopy,  and  pho¬ 
toluminescence. 

II.  MOCVD  GROWTH  OF  InGaAs/GaAsP  SLS 

The  InGaAs/GaAsP  SLSs  were  grown  by  MOCVD  at 
atmospheric  pressure  in  a  vertical  reactor.  Trimethylgallium 
(TMG)  kept  at  0°C  and  triethylindium  (TEI)  kept  at  20  °C 
were  used  as  sources  for  Ga  and  In,  respectively.  AsH3  and 
PH3,  both  5%  in  H2,  were  used  as  As  and  P  sources.  Palla¬ 
dium  diffused  H2  flowing  at  a  rate  of  3.6  1/mi n  served  as  a 
carrier  gas.  The  growth  temperature  was  630  °C,  which  is  a 
compromise  between  ideal  growth  temperature  for  the  two 
ternary  alloys.  For  GaAsP,  a  relatively  high  growth  tem¬ 
perature  is  required  to  obtain  a  wide  range  of  GaP  composi¬ 
tion  because  phosphorous  incorporation  is  low  at  low  tem¬ 
perature.  18  This  is  explained  by  the  low  PH3/AsH3  pyrolysis 
ratio  at  low  growth  temperature.  On  the  other  hand,  for  In¬ 
GaAs,  a  lower  growth  temperature  is  preferable,  because 
InAs  incorporation  decreases  as  the  growth  temperature  in¬ 
creases.  A  relatively  low  growth  rate  ranging  from  100-150 
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TABLE  I.  Typical  growth  conditions  for  several  In,  Ga,  _  ,  As/GaAs,  „  P,.  SLSs. 


Gas  phase  composition  (//mol/mm) 

Solid  composition  {%) 

- - 

— 

— 

Thickness  of 

Number  of 

Misfit  with  respect 

Run 

TMG 

TEI 

AsH, 

PH, 

X 

period  ( A ) 

period 

to  GaAs  (%) 

227 

12.3 

8.8 

81 

81 

ii 

20 

230 

45 

±  0.79 

239 

12.3 

13.1 

81 

122 

15 

30 

130 

5 

±  1.08 

A/min  was  used  for  both  ternaries  to  minimize  the  gas  tran¬ 
sition  effect  and  to  obtain  better  control  of  the  layer  thick¬ 
ness.  The  substrates  were  (100)  Ga As  oriented  2°  toward  the 
(110)  direction.  They  were  prepared  by  a  standard  solvent 
cleaning  and  etching  in  a  H2S04:H20:H202  (7:1:1 )  solution 
for  5  min.  A  series  of  calibration  runs  were  made  to  deter¬ 
mine  compositions  and  layer  thicknesses  which  will  give  a 
equal  and  opposite  lattice  mismatch  with  respect  to  the 
GaAs  substrate. 

The  SLSs  were  grown  on  topofa  thin  ( ~0.2/rm)  GaAs 
buffer  layer  grown  at  630  °C.  The  growth  of  the  first  InGaAs 
layer  was  initiated  by  turning  on  theTEI  flow.  After  a  period 
of  time  giving  a  desired  thickness  of  InGaAs,  the  TEI  was 
turned  off  and  the  PH3  was  immediately  turned  on.  Then  the 
PH3  was  turned  off  after  a  certain  period  of  time,  giving  a 
GaAsP  layer  of  the  same  thickness  as  the  InGaAs  layer,  and 
the  TEI  was  immediately  turned  back  on.  In  other  words, 
TEI  and  PH3  were  alternately  injected  into  the  growth 
chamber  during  the  growth  of  GaAs.  This  gas  switching 
procedure  was  controlled  by  a  computer  and  continued  until 
a  desired  superlattice  thickness  was  obtained.  Individual  su¬ 
perlattice  layers  of  different  thicknesses  and  compositions 
were  grown  by  keeping  the  flow  rate  of  TMG  and  AsH, 
constant  and  changing  the  growth  time  and  flow  rate  of  TEI 
and  PH3.  Table  I  shows  typical  growth  conditions  for  several 
InxGa,  _xAs/GaAs,  _yYy  SLSs.  The  solid  compositions  of 
each  ternary  layer  were  determined  by  photoluminescence 
and  x-ray  diffraction  of  hulk  epitaxial  layers  (thickness 
>0.5  fim)  applying  Vcgard’s  law.  The  superlatliec  thick¬ 
nesses  were  measured  by  optical  microscope  x-ray  diffrac¬ 
tion,  and  cross-sectional  TEM. 

III.  CHARACTERIZATION 
A.  Structural  properties 

InxGa,  _  x  As/GaAS[  -yPy  SLSs  have  been  grown  with 
compositions  of  0.05  <*<0.15and0.1  <y<0.3and  periods 
ranging  from  130  to  400  A.  Figures  1(a)  and  1(b)  show 
Nomarski  interference  contrast  micrographs  of  InGaAs/ 
GaAsP  SLSs.  The  total  thickness  of  each  SLS  is  about  1  fim. 
The  SLS  shown  in  Fig.  1(a)  was  grown  under  the  lattice 
matched  condition  y  =  2*  with  equal  layer  thickness 
(*  =  0.1).  For  this  value  (*  =  0.1),  the  critical  thickness 
below  which  the  strain  is  relieved  elastically  is  about  200  A.: 
A  mirrorlike  surface  indicates  that  the  SLS  is  closely  lattice 
matched  to  the  GaAs  substrate.  However,  the  SLS  shown  in 
Fig.  1(b)  (*  =  0.16,  y  =  0.17)  has  slight  cross'", atching 
which  is  an  indication  of  dislocation  networks.  This  suggests 
that  the  average  lattice  constant  of  the  SLS  is  not  matched  to 
the  GaAs  substrate.  This  feature  is  also  frequently  seen  in 


other  SLSs,  such  as  InGaAs/GaAs1*’  and  GaAsP/GaAs, 
when  the  total  thickness  of  the  SLS  exceeds  a  strain-depen¬ 
dent  critical  value  that  corresponds  to  the  average  composi¬ 
tion  of  the  SLSs. 

Cross-sectional  samples  for  the  TEM  were  prepared  by 
lapping  and  ion  milling  two  pieces  bonded  together  face  to 
face.  Figure  2  shows  a  bright-field  TEM  image  of  a  25-period 
SLS.  InGaAs  layers  appear  as  dark  bands  while  GaAsP  lay¬ 
ers  appear  as  bright  bands.  The  image  shows  a  periodic 
layered  structure  with  equal  and  uniform  thickness  for  the 
two  ternary  alloys  and  no  misfit  dislocations  at  the  SLS/ 
substrate  interface.  The  period  of  the  superlattice  in  Fig.  2  is 


(b) 

FIG.  I  Nomarski  interference  contrast  micrographs  of  the  SLSs  (a)  A 
mirrorlike  surface  indicates  that  the  SLS  is  closely  lattice  matched  to  the 
GaAs  substrate,  (b)  Slight  crosshatching  feature  indicates  misfit  disloca¬ 
tions  at  the  SLS/substrate  interface. 
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FIG.  2.  Cross-sectional  TEM  image  (bright  field).  Coherently  strained  and 
dislocation-free  layered  structures  (200- A  period)  have  been  observed. 

about  200  A,  which  is  consistent  with  the  growth  rate  cali¬ 
bration  of  the  bulk  ternary  layers. 

A  conventional  x-ray  double  diffraction  measurement 
has  been  done  using  GaAs  as  a  first  crystal  and  Cu Ka ,  radi¬ 
ation  as  an  x-ray  source.  Figure  3  shows  the  x-ray  diffraction 
pattern  of  a  40-period  In0 ,  Ga,,,,  As/GaAs0 .  „  P0  2  SLS  in  the 
vicinity  of  the  (004)  reflection.  The  diffraction  pattern  con¬ 
sists  of  the  (004)  GaAs  substrate  reflection  peak  and  several 
weaker  satellite  peaks  due  to  the  periodicity  of  the  SLS.  The 
number  shown  above  each  peak  is  the  order  of  the  satellite. 
The  peak  linewidths  (FWHM)  are  in  the  range  30-70  arc- 
sec,  indicating  a  highly  uniform  layered  structure.  The  aver¬ 
age  lattice  mismatch  of  the  SLS  to  the  GaAs  substrate  can  be 
calculated  from  the  angular  separation  between  the  sub¬ 
strate  peak  and  zero  order  peak  (n  =0).  Also,  the  thickness 
of  each  period  can  be  deduced  from  the  separation  of  the 
satellite  peaks.  The  sample  shown  in  Fig.  3  has  a  0. 187% 
average  lattice  mismatch  and  a  222-A  period.  The  thickness 
measurement  by  x-ray  diffraction  was  in  good  agreement 
with  results  from  TEM,  optical  microscope,  and  growth  rate 
calibration. 

B.  Optical  properties 

The  optical  properties  and  interface  quality  of  InGa As/ 
GaAsP  SLSs  were  characterized  by  photoluminescence 


Diffraction  Angle  (arc  sec) 


FIG.  3.  X-ray  diffraction  pattern  (400)  ofln0  ,  Ga^  As/GaAs„,  P„ ,  SLS, 
The  number  shown  for  each  peak  is  the  order  of  the  satellite  peaks 


(PL).  PL  measurement  was  carried  out  at  77  and  4.5  K  with 
an  ordinary  grating  monochromater  and  SI  photomulti¬ 
plier.  An  Ar-ion  laser  beam  (5145  A)  was  focused  on  a  sam¬ 
ple  with  a  spot  size  of  lOO^im.  The  excitation  power  density 
was  about  500W/cm2.  Figure  4  shows  the  PL  spectra  for  a  5- 
period  In,, ,5Ga085 As/GaAs07  P0  j  SLS  (1  period  =130 
A)  at  77  and  4.5  K.  A  very  intense  and  sharp  peak  located  at 
1.405  eV  with  a  full  width  at  half  maximum  (FWHM)  of  4 
meV  has  been  observed  at  4.5  K.  To  the  best  of  our  knowl¬ 
edge,  this  is  the  narrowest  value  ever  observed  in  any  ter¬ 
nary-ternary  SLS  structures  and  indicates  a  very  sharp  inter¬ 
face  and  the  high  optical  quality  of  the  grown  layers.  There 
are  several  factors  that  affect  the  PL  linewidths  of  the 
InGaAs/GaAsP  SLSs.  These  factors  include  ( 1 )  periodicity 
fluctuation  of  the  SLS,  (2)  interface  roughness  (i.e.,  the 
height  and  size  of  islands ) ,  and  ( 3 )  band-gap  fluctuation  due 
to  a  random  variation  of  the  composition  of  InGaAs  and 
GaAsP.  Recently,  several  experimental  results  of  quantum- 
well  structures  (AlGaAs/GaAs,20  AlInAs/InGaAs21,22), 
as  well  as  theoretical  studies23  of  PL  linewidth,  have  been 
reported.  Based  on  reported  data  and  analyses,  we  estimate 
that  the  interface  roughness  of  our  sample  is  less  than  two 
monolayers.  The  peak  energy  variation  across  the  sample 
(  —  1.5  cm)  is  about  2  meV,  suggesting  excellent  uniformity 
of  composition  and  layer  thickness.  The  peak  energy  1.405 
eV  corresponds  to  the  transition  between  the  first  electron 
(ft  =  1)  and  heavy-hole  band.  The  biaxial  compression  in 
the  InGaAs  well  breaks  the  degeneracy  of  light-hole  and 
heavy-hole  valence  band  at  k  =  0  and  increases  the  effective 
band  gap  of  InGaAs.  In  addition,  the  quantum  size  effect 
increases  the  effective  band  gap  of  the  SLS.  These  two  effects 
result  in  the  energy  shift  of  about  1 10  meV  from  the  bulk 
InGaAs  value. 

The  optical  quality  of  the  SLSs  versus  depth,  especially 
near  the  SLS/substrate  interface,  was  investigated  using  PL. 
This  was  done  by  scanning  the  laser  beam  along  a  beveled 
section  of  the  layers.  Several  samples  were  beveled  on  a 
Plexiglas  plate  using  Ludox.  The  bevel  angle  was  about  1/3 
degrees,  which  resulted  in  a  vertical  magnification  factor  of 


FIG.  4.  PL  spectra  of  5-period  Ina„Ga0.,JAs/'GaAs0.1Pa,  SLS  al  77  and 
4.5  K.  A  very  narrow  peak  (FWHM  =  4  meV)  indicates  the  excellent  in¬ 
terface  quality  (less  than  two  monolayers). 
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FIG.  5.  (a)  Optical  micrograph  of  beveled  surface  and  a  schematic  of  the 
sample  in  cross  section.  The  bevel  angle  is  about  1/3  degrees,  which  results 
in  a  vertical  magnification  factor  of  172  x.  (b)  PL  spectra  (77  K)  along  the 
beveled  surface.  Spectra  (A)-(E)  correspond  to  the  position  shown  in  part 
(a).  The  variation  of  PL  spectrum  is  probably  due  to  compositional  and 
periodicity  fluctuations  of  the  SLS. 


172X.  Figure  5(a)  shows  an  optical  miorograpni  of  the  be¬ 
veled  surface  of  an  InGaAs/GaAsP  SLS  with  45  periods-and 
a  schematic  of  the  sample  in  cross  section.  The  wider  separa¬ 
tions  of  layers  near  the  surface  are  due  to  a  rounded  edge 
from  polishing.  The  laser  spot  size  was  about  50 /im  and  the 
penetration  depth  is  estimated  to  be  less  than  2000  A  based 
on  GaAs  absorption  data.  Figure  5(b)  shows  the  PL  spectra 
(77  K)  of  different  spots  (A-E)  which  correspond  to  the 
position  shown  in  Fig.  5(a).  As  the  laser  beam  was  moved 
from  position  (A)  to  (B),  the  PL  intensity  decreased  by 
more  than  one  order  of  magnitude.  This  is  because  of  me¬ 
chanical  damage  introduced  by  polishing.  However,  the 
spectral  shape  did  not  change.  From  (B)  to  (D),  the  intensi¬ 
ty  still  decreased  gradually,  while  the  spectral  peak  shifted 
slightly  toward  the  higher-energy  side  and  a  shoulder  ap¬ 
peared  at  the  lower-energy  side.  As  the  beam  approached  the 
SLS/substrate  interface,  the  shoulder  grew,  while  the  main 
peak  decreased  and  finally  disappeared.  As  is  shown  in  Fig. 
5(b),  there  are  some  variations  (~10  meV)  in  the  peak 
emission  spectrum  from  the  SLS.  These  fluctuations  can  be 
the  result  of  compositional  and  periodicity  fluctuation  in  the 
SLS.  The  variation  of  10  meV  corresponds  to  the  composi¬ 
tional  fluctuation  of  about  6.8%  in  the  InGaAs  well  assum¬ 
ing  no  periodicity  fluctuation.  At  the  interface  (E),  the  PL 
linewidth  became  9  meV,  whereas  the  PL  intensity  stayed 
almost  the  same  as  that  of  position  (D).  PL  from  the  Si- 
doped  GaAs  substrate  was  very  weak  and  almost  undetecta¬ 
ble,  even  at  the  position  (E).  This  suggests  that  the  photo¬ 
carriers  generated  in  the  GaAs  layer  will  be  efficiently 
collected  in  the  first  SLS  layer  which  is  InGaAs.  Most  of  the 
samples  showed  a  tendency  for  the  PL  linewidth  (FWHM) 
to  decrease  or  remain  unchanged  as  the  SLS/substrate  inter¬ 
face  was  approached.  This  feature  is  different  from  other 
SLSs  whose  average  lattice  constants  are  not  matched  to 
those  of  their  substrates.24  We  have  done  a  similar  experi¬ 
ment  on  InGaAs/GaAs  SLSs,  which  have  similar  geometri¬ 
cal  and  compositional  parameters  to  those  of  InGaAs/ 
GaAsP  SLSs.  A  significant  decrease  of  PL  intensity  and 
spectral  line  broadening  near  the  SLS/substrate  interface 
was  observed.  This  is  probably  due  to  a  high  density  of  misfit 
dislocations  at  the  SLS/substrate  interface.  This  result  indi¬ 
cates  that  the  average  lattice  constant  of  the  SLS  must  be 
matched  to  that  of  the  substrate  to  obtain  a  high  optical 
quality  throughout  the  entire  layer.  This  is  very  important, 
especially  when  SLSs  are  used  in  the  active  regions  of  de¬ 
vices. 

IV.  CONCLUSION 

Metalorganic  chemical  vapor  deposition  has  been  used 
for  the  growth  of  InGaAs/GaAsP  strained  layer  superlat¬ 
tices  (SLSs).  The  SLSs  consist  of  alternate  InGaAs  and 
GaAsP  layers  with  equal  and  opposite  lattice  mismatch  up 
to  1.1%  with  respect  to  the  GaAs  substrate.  Thus,  the  aver¬ 
age  lattice  constant  of  the  SLSs  was  closely  matched  to  that 
of  GaAs.  The  structural  quality  was  examined  by  a  combina¬ 
tion  of  x-ray  diffraction,  TEM,  and  optical  microscopy. 
These  results  showed  coherently  strained  and  dislocation 
free  layered  structures.  Optical  quality  was  evaluated  by 
conventional  PL  measurement.  A  very  intense  and  sharp 
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spectrum  (F\VHM  =  4  meV)  at  4.5  K  indicates  the  excel¬ 
lent  interface  quality  (less  than  two  monolayers).  In  addi¬ 
tion,  PL  spectra  at  different  depths  in  the  SLS  suggest  a  high 
optical  quality  throughout  the  entire  layer  as  well  as  at  the 
SLS/substrate  interface.  This  SLS  structure  can  be  used 
with  GaAs  and  AlGaAs  without  the  formation  of  a  high 
density  of  misfit  dislocations  at  the  heterointerface,  thus 
having  a  great  potential  for  the  application  of  a  variety  of 
novel  device  structures. 
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Molecular  stream  epitaxy  allows  several  molecular  beam  epitaxy  (  MOD  concepts  to  take 
place  in  a  melalorganic  chemical  vapor  deposition  reactor.  In  this  technique,  the  growth  o! 
InGaAs/GaAsP  superlattices  proceeds  by  rotating  the  substrate  between  two  gas  streams,  one 
containing  trimelhylgalhum  (  I  MG  ).  triethylmdium,  and  Asll ,  and  the  other  containing 
I  MG.  l’l  I  „  and  Asl  I Plus  technique  eliminates  gas  llow  transients  and  pros  ides  a  method  to 
mechanically  shear  off  the  gaseous  boundary  layer  between  successive  exposures.  Ultrathin 
strained-layer  superlattices  (SI.S'x)  with  8- A- thick  films  have  been  obtained.  The  optical 
properties  of  these  SL.S’s  are  comparable  to  those  obtained  for  equivalent  superlattices  by  gas 
source  MBE. 


Molecular  beam  epitaxy  (MBE)  and  melalorganic 
cnemical  vapor  deposition  (MOCVD)  have  been  estab¬ 
lished  as  two  major  deposition  techniques  for  the  growth  of 
semiconductor  thin  films.  Each  technique  has  its  own  limita¬ 
tions  and  advantages.  Recently,  several  efforts  have  been  di¬ 
rected  to  combine  the  advantages  of  both  techniques.  Exam¬ 
ples  are  the  recent  impressive  results  obtained  by  gas  source 
MBE  (GSMBE)1  and  chemical  beam  epitaxy  (CUE).' 
These  efforts  have  been  based  on  modifying  the  MBE  growth 
chamber  to  allow  the  use  of  organometallie  and  hydride 
sources.  On  the  other  hand,  a  multichamber  MOCVD  sys¬ 
tem  has  improved  interface  quality  .  ‘  We  report  here  a  new 
technique  based  on  modifying  the  nature  of  the  MOCVD 
deposition  process  to  take  advantages  of  MBE  growth  con¬ 
cepts.  The  MBE  process  allows  direct  incidence  of  atoms  or 
molecules  in  a  direct  line  of  sight  onto  a  heated  substrate 
surface.  Also  there  is  no  diffusion  boundary  layer  through 
which  the  reactant  species  have  to  diffuse  to  reach  the  sub¬ 
strate  surface.  Moreover,  the  initiation  and  the  termination 
of  the  growth  process  occur  by  opening  and  closing  shutters 
that  result  in  extremely  abrupt  interfaces.  Molecular  stream 
epitaxy  ( MSE)4  allows  the  incorporation  of  these  MBE  con¬ 
cepts  in  a  MOCVD  reactor. 

Figure  I  shows  a  schematic  of  the  growth  chamber  and 
susceptor  designed  to  allow  some  of  the  MBE  features  to  be 
utilized  during  the  MOCVD  growth  process.  The  system  has 
been  tested  for  the  growth  of  InGaAs/GaAsP  strained-  lay¬ 
er  superlattices  (SLS’s).  Trimethylgallium  (TMG),  trieth- 
ylindium  (TEI),  and  AsH,  are  continuously  flowing 
through  tube  A  for  the  grow  th  of  the  InGaAs  lilm.  whereas 
TMG,  AsH,,  and  PH,  are  continuously  flowing  through 
tube  B  for  the  growth  of  GaAsP  films.  The  rf-heated  suscep¬ 
tor  consists  of  several  parts.  The  fixed  part  F  has  two  win¬ 
dows,  facing  the  inlet  tubes  A  and  B.  The  substrate  sits  m  a 
recess  in  the  rotating  part  R  of  the  susceptor  This  part  of  the 
susceptor  is  driven  by  a  computer-controlled  stepping  mo¬ 
tor.  Gases  from  the  input  tubes  A  and  B  (low  unimpeded 
through  the  susceptor  except  when  the  substrate  cuts 
through  the  gas  streams  The  fixed  top  part  of  the  susceptor 
also  acts  to  shear  off  most  of  the  gaseous  boundary  layer 


between  successive  exposures  The  clearance  between  the 
surface  of  the  substrate  and  the  top  piece  of  the  susceptor  is 
several  mils  to  avoid  scratching  of  the  substrate  while  mini¬ 
mizing  the  dead  volume. 

The  growth  process  for  the  SLS  proceeds  as  follows:  The 
substrate  is  rotated  to  face  tube  A  for  a  given  time  to  grow  an 
InGaAs  film  of  a  desired  thickness.  The  substrate  is  then 
rotated  away  from  this  gas  stream  and  simultaneously  shears 
ofT any  residual  gas  film  that  contains  TMG  and  TEI.  This 
will  allow  the  sudden  termination  of  the  InGaAs  growth. 
This  action  simulates  the  closing  of  In  and  Ga  shutters  in  the 
MBE  process.  The  substrate  is  now  rotated  to  face  tube  13, 
thus  cutting  into  the  TMG,  AsH,,  and  PH,  stream.  Since 
the  diffusion  boundary  layer  is  almost  absent,  the  growth  of 
GaAsP  starts  suddenly  when  the  substrate  is  in  the  line  of 
sight  of  this  second  stream,  initiating  an  abrupt  interface 
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H(i  l  Schematic  of  (he  growl h  chamber  and  susceptor  of  molecular 
si  ream  epitaxy  ( MSE).  The  gaseous  boundary  layer  above  ihe  substrate  is 
sheared  oft  mechanically  between  successive  exposures 
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FIG.  2.  Series  of  x-ray  diffraction  patterns 
of  i he  st rained -layer  superlaltices  (SLS's ) 
in  the  viunily  of  the  (004)  reflection 
Numbers  shown  above  each  peak  are  the 
order  of  the  satellite  peaks,  (a)  183  A  peri¬ 
od  ( 10.3  s  exposure) ;  (b)  96  A  period  5.3 
s  exposure);  (c)  52  A  period  (2.8  s  expo¬ 
sure). 


Diffract  ion  Angle  (20) 


This  action  will  simulate  the  opening  of  shutters  which  initi¬ 
ates  the  MBE  growth  process.  It  should  also  be  mentioned 
that  the  growth  of  this  SLS  is  taking  place  without  any 
switching  of  gases  as  in  the  conventional  MOCVD  process. 
Thus,  problems  such  as  dead  volume  and  flow  transients  are 
avoided.  Also,  since  the  flow  of  gas  streams  is  unimpeded 
most  of  the  time,  buoyancy  effects  can  be  reduced.  The  very 
initial  stage  of  growth  in  MSE  takes  place  with  the  near  ab¬ 
sence  of  diffusion  and  thermal  boundary  layers,  thus  assur¬ 
ing  interface  abruptness.  When  the  growth  proceeds  for 
more  than  a  second  or  so,  this  boundary  layer  will  develop 
and  will  control  the  deposition  mechanism  of  layers  beyond 
the  first  few  monolayers.  The  development  of  this  diffusion 
boundary  layer  will  not  interfere  with  the  generation  of 
abrupt  interfaces  in  MSE.  It  should  also  be  mentioned  that 
there  is  a  finite  volume  of  trapped  gas,  a  few  mils  thick,  that  is 
present  during  the  process  of  rotating  the  substrate  between 
the  two  streams.  The  amount  of  TMG  trapped  in  this  vol¬ 
ume  will  allow  an  additional  growth  of  less  than  one  hun¬ 
dredth  of  a  monolayer  of  the  ternary  alloy  to  take  place  be¬ 
fore  the  exposure  to  the  second  stream.  It  might  also  be 
possible  that  some  minorcross  contamination  from  the  I’ll, 
side  will  take  place,  for  example,  during  the  deposition  of 
InGaAs  film.  However,  a  graphite  wedge  in  conjunction 
with  large  H2  flow  from  the  center  tube  helps  in  presenting 
this  cross-diffusion  effect. 

In^Ga,  _  .As/GaAs,  ,.PV  SLS's  were  grown  hy  MSE 
on  Cr-doped  (100)GaAs  substrates  at  630  °C  in  a  vertical 
MOCVD  system  operating  at  atmospheric  pressure.  The  ex¬ 
posure  time  to  each  gas  stream  varied  from  0.5  to  10.3  s. 
Equal  exposure  times  were  allowed  for  the  two  gas  streams. 
The  transition  time  from  one  stream  to  the  other  is  about  1  5 
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s.  The  amount  of  the  cross  diffusion  was  estimated  by  grow¬ 
ing  GaAs  at  one  side  while  flowing  PH3  at  the  other  side. 
The  results  indicate  that  approximately  2%  of  a  total  flow  of 
PH,  will  be  incorporated  with  GaAs  (or  cross  diffused). 
The  mole  fraction  of  TEI  and  PH}  was  adjusted  to  allow  the 
growth  of  SLS  with*  =12%  and  y  =  23%.  These  values  of 
,v  and  g  allow  the  SLS  to  be  grown  with  an  average  lattice 
constant  that  is  closely  lattice  matched  to  the  GaAs  sub¬ 
strate. 

Figure  2  shows  the  x-ray  diffraction  patterns  obtained 
from  the  ln„  ,,Ga()B7  As/GaAs0  77  P02,  SLS’s  using  Cu  Kci 
radiation.  The  period  of  these  SLS’s  obtained  for  different 
exposure  times  was  deduced  from  the  separation  of  the  satel¬ 
lite  peaks  shown  in  Fig.  2  and  the  results  are  summarized  in 
Table  I.  Although  not  shown  in  Fig,  2,  sampled,  which  was 
grown  for  an  exposure  time  of  1 .3  s,  showed  weak  and  broad 
x-ray  satellite  peaks  whose  separation  corresponds  to  a  25-A 
period.  For  sample  e  the  exposure  time  was  reduced  to  0.5  s. 
However,  we  were  not  able  to  determine  the  period  from  the 
s  '-aration  of  the  satellite  peaks  probably  due  to  limitations 


TAHI.F.  I  Growth  conditions  and  structures  of  SLS's 


Run 

Exposure 
time  (s) 

Number  of 
periods 

Period 

(A) 

a 

10.3 

30 

183 

b 

5.3 

120 

96 

c 

2.8 

200 

52 

d 

1.3 

400 

25 

e 

0.5 

800 

16 
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FIG.  3.  High-resolution  transmission  electron  microscope  images  of  the 
MSE grown  ultrathin  InGaAs/GaAsP  SLS's  (a)  25  A  period  (1.3s expo¬ 
sure);  (b)  16  A  period  (0.5  s  exposure) 

of  our  x-ray  diffraction  setup. 

The  high-resolution  transmission  electron  microscope 
(TEM)  technique  was  used  to  characterize  these  ultrathin 
SLS’s.  Figures  3(a)  and  3(b)  show  cross-section  TEM  im¬ 
ages  of  samples  d  and  e,  respectively.  For  exposure  times  of 
1.3  and  0.5  s  the  SLS’s  are  made  of  layers  13  and  8  A  thick, 
respectively.  These  SLS’s  were  also  characterized  by  photo¬ 
luminescence  (PL)  measurements  performed  at  77  K  using 
an  Ar-ion  laser.  The  PL  results  are  shown  in  Fig.  4.  As  the 
well  width  (InGaAs  layer  thickness)  was  decreased,  the  PL 
peaks  shifted  toward  the  higher  energy  side  due  to  the  quan¬ 
tum  size  efTect.  The  full  width  at  half-maximum  (FWHM) 
of  the  PL  spectra  ranged  from  12  to  16  meV  as  shown  in 
Fig.  4. 

The  above  results  obtained  by  x-ray  diffraction,  TEM, 
and  PL  show  that  MSF.  can  be  a  very  useful  technique  for  the 
synthesis  of  ultrathin  films  with  excellent  optical  and  struc¬ 
tural  properties.  Moreover,  the  layet  thickness  can  be  con¬ 
trolled  precisely  by  changing  exposure  times.  The  InGaAs/ 
GaAsP  SLS  was  chosen  to  test  the  potential  of  this  new  de¬ 
position  technique  for  two  reasons.  First,  this  SLS  has  sever¬ 
al  applications  in  optical  devices  such  as  light-emitting  di¬ 
odes3,6  and  as  buffer  layers  for  the  reduction  of  defects  m 
epitaxial  GaAs  films.7  The  second  reason  is  to  test  the  MSE 


FIG.  4.  Photoluminesccnce  spectra  of  the  SLS’’  at  77  K.  Single  sharp  peaks 
corresponding  to  the  transition  between  the  first  electron  {n  =  I)  and 
heavy  hole  band  have  been  observed. 


approach  in  the  growth  of  SLS’s  that  contain  both  As  and  P, 
which  are  uifficult  structures  to  synthesize  with  abrupt  inter¬ 
faces."  The  8-A  InGaAs  well  and  GaAsP  barrier  shown  in 
Fig.  3(b),  demonstrated  the  ability  of  MSE  to  grow  ul- 
tialhin  films  without  gas  switching.  To  the  best  of  our 
knowledge,  this  is  one  of  the  thinnest  films  ever  synthesized 
in  a  superlattice  with  alternating  layers  having  As  and  P 
compounds.0  Also  the  PL  data  showed  that  SLS’s  grown  by 
MSE  have  comparable  optical  properties  to  those  obtained 
by  GSMBE1  and  CBE.1"  For  example,  the  FWHM  of 
InGaAs/GaAsP  SLS  at  77  K  is  about  the  same  as  that  ob¬ 
tained  by  GSMBE  at  6  K  for  InOaAsP/InP  superlattice 
structure  with  80-A  wells.1  Also  the  8-A  InGaAs  quantum 
well  in  the  InGaAs/GaAsP  SLS  has  comparable  PL  proper¬ 
ties  to  that  obtained  by  CBE  and  low  pressure  MOCVD0  at  2 
K.  for  an  InP-InGaAs  single  quantum  well. 

In  conclusion,  MSE  is  a  potential  technique  that  allows 
some  of  the  MBE  growth  features  to  take  place  during  the 
MOCVD  growth  process.  This  has  resulted  in  structures 
with  abrupt  interfaces  that  are  comparable  to  those  obtained 
by  GSMBE  and  CBE. 

This  work  has  been  supported  by  The  National  Science 
Foundation  and  the  Air  Force  Office  of  Scientific  Research. 
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In  GaAs-GaAsP  strained-layer  superlattices  grown  lattice  matched  to  GaAs  are  effective 
buffer  layers  in  reducing  dislocations  in  epitaxial  GaAs  films  grown  on  Si  substrates.  The 
strained-layer  superlattice  structure  permits  high  values  of  strain  to  be  employed  without  the 
strained-layer  superlattice  generating  dislocations  of  its  own.  We  find  that  the  strained-layer 
superlattice  buffer  is  extremely  effective  in  blocking  threading  dislocations  of  low  density  and 
is  less  effective  when  the  dislocation  density  is  high.  It  appears  that  for  a  given  strained-layer 
superlattice  there  is  a  finite  capacity  for  blocking  dislocations.  Transmission  electron 
microscopy  has  been  used  to  investigate  the  role  of  the  superlattice  buffer  layer. 


The  growth  of  GaAs  on  silicon  substrates  provides  a 
convenient  method  of  integrating  III-V  compound-based 
devices  and  silicon  electronic  circuits.  However,  as  a  result 
of  the  large  lattice  mismatch  that  exists  between  the  two 
materials,  a  high  density  of  defects  (~108-109  cm"1)  is 
present  in  the  GaAs  epilayer.  Furthermore,  it  is  evident  that 
the  presence  of  these  defects  restricts  the  widespread  appli¬ 
cations  of  the  GaAs-Si  heteroepitaxial  technology.  To  date, 
several  approaches  have  been  successfully  employed  to  re¬ 
duce  the  d  ensity  of  dislocations.  These  methods  inlcude  the 
application  of  strained-layer  superlattices  (SLS’s),1,2  ther¬ 
mal  annealing,3  and  rapid  thermal  annealing.4  Indeed,  sever¬ 
al  SLS  structures  based  on  the  In,Ga,  As-GaAs5  and 
GaAs,  _j,Pj,-GaAs6  systems  have  been  reported.  Utilizing 
these  SLS  buffo  layers  a  reduction  in  the  dislocation  density 
has  been  observed.  However,  despite  these  results,  it  is  evi¬ 
dent  that  the  ternary-binary  (GaAs)  SLS  system  cannot  be 
grown  lattice  matched  to  the  GaAs  substrate.  Moreover, 
these  SLS  structures,  which  as  a  whole  have  a  lattice  con¬ 
stant  that  corresponds  to  the  ternary  material  with  composi¬ 
tion  of  x/2  (ory/2),  have  several  inherent  shortcomings.  In 
particular,  the  total  thickness  of  the  SLS  must  be  less  than 
the  critical  thickness  hc ,  in  order  to  circumvent  the  genera¬ 
tion  of  misfit  dislocations  at  the  GaAs  epilayer  interface.7 
Consequently,  this  will  limit  the  number  of  periods  and, 
therefore,  the  number  of  strained  interfaces  that  are  avail¬ 
able  to  suppress  the  propagation  of  threading  dislocations.  It 
follows,  therefore,  that  in  order  to  alleviate  these  problems  in 
the  ternary-binary  SLS  system,  we  require  a  superlattice 
composed  of  two  materials  having  equal,  but  opposite,  lat¬ 
tice  mismatches,  such  that  the  average  lattice  constant 
matches  that  of  the  GaAs  substrate.  An  exceptional  material 
candidate  is  an  In, Ga,  _,  As-GaAs,  ^P,  (y~2x)  SLS 
which  can  be  grown  lattice  matched  to  G~  A.s.  A  further  ad¬ 
vantage  of  utilizing  this  particular  SLS  structure  is  that  high 
values  of  strain  can  be  accommodated  without  the  SLS  gen¬ 
erating  dislocations  of  its  own.  Moreover,  we  have  previous¬ 
ly  reported  that  the  ternary-ternary  SLS  buffer  was  very  ef¬ 


fective  in  blocking  dislocations  originating  at  the  GaAs 
substrate.8  Indeed,  it  was  apparent  that  a  very  low  density  of 
threading  dislocations  in  the  GaAs  epilayer  was  achieved. 

In  this  letter  we  investigate  the  effectiveness  of  utilizing 
a  highly  strained  In,Ga,  _,  As-GaAs,  SLS  in  reduc¬ 
ing  the  density  of  threading  dislocations  that  propagate  from 
the  GaAs-Si  interface.  The  GaAs  on.  silicon  samples  used  in 
this  study  were  provided  by  the  University  of  Illinois,  Spire 
Corporation,  and  the  Kopin  Corporation.  Samples  have  also 
been  grown  in  our  laboratory.  The  strained-layer  superlat¬ 
tices  and  GaAs  epitaxial  layers  were  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  at  North  Carolina 
State  University.  Several  In, Ga,  _,  As-GaAs,  _,Py  SLS 
structures  with  y=*  2x  have  been  investigated.  A  schematic 
diagram  of  the  SLS  structure  is  shown  in  Fig.  1.  The  corre¬ 
sponding  values  of  x  and  y  were  varied  in  the  ranges  of  8- 
25%  and  16-40%,  respectively.  Individual  layer  thicknesses 
were  varied  from  80  to  300  A,  depending  on  the  ternary  alloy 
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FIG  1  Schematic  diagram  of  the  InGaAs-GaAsP  strained-layer  superlat¬ 
tice  (SLS)  structure. 
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FIG.  2.  Cross-sectional  bright-field  image  illustrating  the  eltccliveness  of 
the  SLS  in  bending  dislocations.  Regions  X  and  Y  denote  areas  of  low  and 
high  dislocation  densities,  respectively. 

composition.  The  intrinsic  strain  was  maintained  in  the  0- 
2%  range.  Transmission  electron  microscopy  (TEM)  sam¬ 
ples  for  both  cross-sectional  and  plan  view  were  prepared  by 
mechanical  thinning  followed  by  ion  milling. 

The  effectiveness  of  utilizing  the 
In,  Ga,  _  .  As-GaAs,  _  „  P„  SLS  structure  as  a  buffer  layer  is 
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FIG.  3.  Cross-sectional  bright-field  micrograph  illustrating  bending  and 
the  interaction  of  two  dislocations,  namely,  A  and  13.  along  the  interfacial 
planes  of  the  SLS.  A  relatively  low  dislocation  density  has  been  achieved  by 
rapid  thermal  annealing. 


FIG  4.  |  100)  Plan-view  transmission  electron  micrograph:  (a)  of  as- 
grown  GaAs/Si  samples;  (b)  illustrating  the  bending  and  propagation  of 
dislocations  along  the  ( 1 10)  directions  within  thelnGaAs-GaAsPSLS;  (c) 
epitaxial  GaAs  grown  on  top  of  the  SLS. 

shown  in  the  bright-field  micrograph  of  Fig.  2.  In  this  image, 
regions  denoted  by  X  and  Y  are  areas  of  low  and  high  dislo¬ 
cation  densities,  respectively.  It  is  clear  that  the  impinging 
dislocations  on  the  SLS  in  region  X  are  confined  by  the 
strained  field  and  bent  along  the  SLS  interface  planes.  Con¬ 
sequently,  almost  all  the  dislocations  impinging  on  the  SLS 
are  blocked  and  do  not  thread  to  the  GaAs  top  layer.  Indeed, 
it  is  evident  that  the  SLS  is  most  effective  in  confining  and 
bending  the  dislocations  in  the  absence  of  a  perturbing  strain 
field  generated  by  another  dislocation.  However,  the  interac¬ 
tion  and  a  merger  of  a  high  density  of  dislocations  in  region 
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Y  results  }n  an  ypward  threading  of  dislocations  into  the 
GaAs  epilayer.  Moreover,  the  higher  the  dislocation  density, 
the  greater  the  likelihood  of  dislocation-dislocation  interac¬ 
tions  and,  consequently,  the  greater  the  probability  that 
some  of  the  dislocations  will  thread  into  the  CJaAs  epilayer. 
Clearly,  the  SLS  has  only  a  finite  capacity  for  bending  the 
dislocations  in  the  interfacial  planes  of  the  SLS 

It  is  apparent  from  the  above  results  that  in  order  for  the 
SLS  to  be  made  more  effective,  the  density  of  impinging 
threading  dislocations  on  the  SLS  must  be  reduced.  This 
reduction  in  dislocation  density  may  be  achieved  by  rapid 
thermal  annealing  the  GaAs/Si  samples  at  a  temperature  of 
900  °C  for  10  s  prior  to  the  growth  of  the  SLS.J  The  effective¬ 
ness  of  the  SLS  in  blocking  dislocations  in  this  low-density 
region  is  clearly  shown  in  Fig.  3.  Two  dislocations  labeled  A 
and  B  on  the  micrograph  are  bent  at  the  SLS  buffer  layer.  In 
particular,  dislocation  A  is  bent  at  the  second  SLS  period 
interface  and  proceeds  undisturbed  along  this  interfacial 
plane.  However,  when  dislocation  A  encounters  a  strain 
field  generated  by  dislocation  B,  which  is  confined  at  the  first 
SLS  interface,  the  propagation  direction  of  A  is  changed.  It 
is  also  possible  that  when  the  dislocations  are  in  close  prox¬ 
imity,  one  or  more  of  the  dislocations  can  thread  into  the 
GaAs  epilayer. 

Plan-view  bright-field  TEM  has  also  been  performed  on 
nonannealed  samples  to  assess  the  effectiveness  of  the  SLS. 
Figure  4(a)  shows  a  plan-view  micrograph  of  the  as-grown 
GaAs/Si  interface  prior  to  the  growth  of  the  SLS.  The  bend¬ 
ing  and  propagation  of  dislocations  along  the  ( 1 10)  direc¬ 
tions  within  this  SLS  are  illustrated  in  Fig.  4(b).  Also  shown 
is  the  interaction  between  neighboring  dislocations.  In  a 
plan-view  TEM  of  the  GaAs  epilayer  grown  on  top  of  the 
SLS,  two  distinct  dislocation  density  regions  are  discernible. 
In  an  area  of  approximately  100  gm;,  no  threading  disloca¬ 
tions  were  observed.  We  believe  that  this  area  corresponds  to 
region  X  in  Fig.  2,  where  the  SLS  is  highly  effective  in  bend¬ 
ing  the  dislocations.  In  contrast,  we  have  also  identified  a 
region  where  the  dislocation  density  is  fairly  high  as  shown 
in  Fig.  4(c).  This  area  may  be  compared  to  region  Y  in  Fig. 
2,  where  we  have  observed  a  small  fraction  of  dislocations 
threading  through  the  SLS. 
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In  conclusion,  it  has  been  shown  that  the 
ln.Ga,  ,  As-GaAS|  _yPy  (>>  =  2.x)  is  an  appropriate  and 
highly  effective  buffer  layer  for  reducing  dislocations  origi¬ 
nating  at  the  GaAs-Si  interface.  The  SLS  structure  also  per¬ 
mits  high  values  of  strain  to  be  employed  without  the  SLS 
generating  dislocations  of  its  own.  However,  the  present  re¬ 
sults  also  indicate  that  the  effectiveness  of  the  SLS  depends 
on  the  density  of  dislocations.  Foi  instance,  when  the  dislo¬ 
cation  density  is  low,  the  threading  dislocations  are  confined 
to  the  SLS  interfaces  and  do  not  propagate  into  the  GaAs 
epilayer.  In  contrast,  when  the  dislocation  density  is  very 
high,  it  is  apparent  that  the  SLS  is  not  as  effective.  Further 
work  is  required  to  optimize  the  SLS  structure  by  varying 
the  strain  and  the  number  of  SLS  layers  in  order  to  achieve 
high-quality  GaAs  on  silicon  with  a  very  low  dislocation 
density.  It  is  also  evident  that  much  more  work  is  needed  to 
understand  the  interaction  and  movement  of  dislocations  at 
the  SLS  interfaces. 

We  acknowledge  H.  Morkot,*  (University  of  Illinois),  J. 
Fan  (Kopin  Corporation),  and  S.  Vernon  (Spire  Corpora¬ 
tion  )  for  providing  a  few  of  the  samples  used  in  this  study. 
The  work  is  supported  by  the  Air  Force  Office  of  Scientific 
Research  and  by  the  Solar  Energy  Research  Institute. 


'S  M  Bedair,  T.  P.  Humphreys,  N.  El-Masry,  Y.  Lo,  N.  Hamaguchi,  C.  D 
Lamp,  D  Dreifus,  and  P.  Russel,  Appl.  Phys.  Letl.  49,  942  ( 1986). 

N  El-Masry,  N.  Hamaguchi,  J.  C.  L.  Tarn,  N.  Karam.T.  P.  Humphreys, 
D.  Moore,  S.  M.  Bedair,  J.  W.  Lee,  and  J.  Salermo,  in  Proceedings  of  the 
Spring  Meeting  of  the  Materials  Research  Society  Conference.  Anaheim. 
California,  1987  (in  press). 

’J.  W.  Lee,  H.  Shichijo,  H.  L.  Tsai,  and  R.  J.  Matyi,  Appl.  Phys.  Lett.  50,  31 
(I9S7). 

■'N.  Chand,  R.  People,  F.  A.  Baiocchi,  K.  W.  Wecht,  and  A.  Y.  Cho,  Appl 
Phys.  Lett.  49,  815  ( 1986). 

'R  Fisher.  H.  Morkoy,  D.  A.  Neumann,  H.  Zabel,  C.  Choi,  N.  Otsuka,  M 
Longerbone,  and  L.  P.  Erickson,  J.  Appl  Phys.  60,  1640  (1986). 

'T.  Sega,  S.  Hattori,  S.  Sakai,  M.  Takeyasu,  and  M.  Umeno,  J.  Appl.  Phys. 
57.4578  (1985). 

J.  W.  Matthews,  A.  E.  Blakcslcc,  and  S.  Mader,  Thin  Solid  Films  33,  253 
(1976). 

*M  A.  Tischler,  T.  Katsuyama,  N.  El-Masry,  and  S.  M.  Bedair,  Appl. 
Pins  Lett.  46,  294  (1985). 


El-Masry  eta/. 


RSI 

r$| 

ft 

ft 

ft 

I 

ft 

$ 

4 

& 


IV* 

iy.« 

j* 


K1 

I 

I 

I; 

La*  I 

i 

i 


I 

i 


ft 


1 

I 

E5 


99 


Defect  Reduction  in  GaAs  Epilayers  on 
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ABSTRACT 


InjGa^^As— GaAs,_rP?  strained  layer  superlattice  buffer  layers  have  been  used  to 
reduce  threading  dislocations  in  GaAs  grown  on  Si  substrates.  However,  for  an  initially 
high  density  of  dislocations,  the  strained  layer  superlattire  is  not  ar.  effective  filtering  sys¬ 
tem.  Consequently,  the  emergence  of  dislocations  from  the  SLS  propagate  upwards  into 
the  GaAs  epilayer.  However,  by  employing  thermal  annealing  or  rapid  thermal  anneal¬ 
ing,  the  number  of  dislocation  impinging  on  the  SLS  ran  be  significantly  reduced.  Indeed, 
this  treatment  greatly  enhances  the  efficiency  and  usefulness  of  the  SLS  in  reducing  the 
number  of  threading  dislocations. 

Transmission  electron  microscopy  techniques  have  been  used  to  characterize  the 
dislocation  behavior. 


The  growth  of  GaAs  on  Si  substrates  enables  the  integration  of  11I-V  compound 
baaed  devices  and  Si  electronic  circuits.  To  date,  several  approaches  have  been  investi¬ 
gated  for  the  deposition  of  GaAs  III- V  compounds  on  Si  substrates.  These  methods 
include,  the  use  of  a  Ge  intermediate  layer.'”  direct  deposition  usi'g  molecular  beam  epi¬ 
taxy, metalorganic  chemical  vapor  deposition'31  and  laser  stimulated  deposition  31.  How¬ 
ever,  one  of  the  major  difficulties  in  this  technology  is  the  generation  of  a  high  density  of 
defects  in  the  GaAs  epitaxial  layers.  Recently,  several  schemes  have  been  successfully 
employed  to  reduce  the  den«it>  of  defects  These  approaches  include  thermal  anneal¬ 
ing.’11  rapid  thermal  annealing’*1  and  the  use  of  strained  layer  superlattires  (SLS I.’7’  The 
corresponding  SLS  structures  that  have  be»n-s| tidied  include.  In, tA«  — GaAs  and 
GaAs,  _,P,  —  GaAs’”  As  a  consequence  of  usinc  these  5 1 . >  buffers  layer*,  a  significant 
reduction  in  the  dislocation  density  has  betn  obtained.  However,  oespite  these  results  the 
SLS  composed  of  ternary-binary  (GaAs)  systems  cannot  be  grown  lattice  matched  to  the 
GaAs  substrate.  Indeed,  this  SLS  structure  w  hich  as  a  whole  lias  a  lattice  constant  which 
corresponds  to  the  ternary  material  with  composition  of  x/'J.  has  several  inherent 
shortcomings.  In  particular,  the  total  thickness  of  the  SLS  should  be  less  than  the  critical 
thickness,  h,.  in  order  to  prevent  the  generation  of  misfit  dis.oeations  at  the  GaAs 
subslraic/SLS  interface'*’  (  -quent iv.  this  will  limit  the  :i  .mbtr  of  periods  and 
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therefore.  the  number  of  interfaces  capable  of  suppressing  the  propagation  of  threading 
dislocations.  Furthermore,  the  binary-ternary  SLS  will  also  limit  the  amount  of  strain 
that  ran  be  present  between  successive  layers  m  the  s|_C  Indeed.  It  has  been  previous!' 
reporred1,1  trial  "hen  the  In, (In,  M.s  r,.  -  a  p,;ai  thickness  greater  than  h, . 

for  \ / J ,  disleu  atioiis  are  generated  at  both  tin  'I  ,  t  ,,i.\s  IsuPstralel  and  the  (fa As 
|epda\ cr)/M>  interfaces  It  follows,  therefore,  th.v  ir nrd*  r  l"  circumvent  the  -hortcn*  i- 
ines  in  thr  ti  rn.irv-binary  SI,S  system,  nr  require  a  -upi-'lat •  u-e  t'-rnposed  o f  l"«>  mate'" 
ab  having  iqual  hut  opposite  lattice  nuMnatclies.  snrh  that  tin  average  lauiie  constant 
m.vehes  that  of  thr-  (la.As  substrate  .A  potential  material  canrlidntr  is 
(>aA«!  ,f,  -ln,(;.a,  ,A«  with  y  Vx  "hi<!i  ean  I"  clown  hitliee  matched  to  GaA*  In 
fad.  we  have  previously  reported  that  the  t.  rnary-n  rrt  ir'  'l>  butler  was  very  elective  in 
blocking  dislocations  originating  at  tin  GaAs  suhsi rate.’’11  l  urthir.  it  was  alsi  reported 
that  a  very  low  dishnntion  density  of  defect-  in  tin-  *  ,a.\s  ejnlaver  was  achieved. 

In  tills  present  work  we  report  on  the  ellei  tivenes-  of  n-mg  (.aAsP-InCaA'  St.F  in 
red  nr  i  hr  threading  disloral  inns  origmaimg  at  tin  G.iAs/si  mlerfaee.  Indeed,  we  also 
report  on  lilt  interface-quality  of  the  heteroepilaxy  GaAs-Si  structure  using  high  resolu¬ 
tion  electron  microscopy.  The  (JaAs  films  were  grown  on  Si  by  the1  Kopin  Corporation 
followed  by  the  growth  of  the  SLS  and  OnAs  epilavers  in  our  laboratory  at  North  Caro¬ 
lina  State  University.  Both  growth  steps  employed  MOCVD  techniques.  To  study  the 
atomic  structure  of  the  GaAs/Si  interface,  a  JEOI.  200  CX  high  resolution  transmission 
electron  microscope  was  used.  The  instrument  has  a  point-to-point  resolution  of  2.5  A. 
The  morphology  o!  the  OaAj/bi  interface  is  shown  in  Figure  J  Tbe  electron  beam  is 
incident  along  the  <01 1>  direction.  In  this  image,  the  GaAs/S  interface  appears  as  a 
bright  band.  The  presence  of  steps  at  the  interface  are  not  visible  due  to  atomic  rough¬ 
ness  in  the  interface  plane.  Two  regions  on  the  micrograph  are  clearly  defined,  namely  an 
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incoherent  interface  region  labeled  (A)  ami  an  area  wiili  an  amorphous  appearance 
denoted  by  (11)  The  interruption  of  crystallinity  at  the  GaAs/Si  interface  may  he  due  to 
the  presence  of  residual  oxides  on  the  SI  substrate  surface.  Similar  observations  have 
been  reported  for  the  MOE  growth  of  GaAs  on  Si.110*  The  micrograph  also.clearly  shows 
individual  misfit  dislocations  which  can  be  identified  as  extra  lattice  fringes  along  the 
(111)  or  (111)  planes  on  the  Si  side  of  the  interface.  Two  types  of  misfil  dislocations  pre- 
vioii'ly  reported  for  Mill!  grown  materials***  have  also  been  nb«  rw*d.  namely,  edge  and 
mixed  dislocations  in  the  MO('VI)  grown  samples 

Several  In/.’a,  , As-GaA*, .  „  1\  SLS  buffer  layer*-  will;  'Jx  have  been  inve-n- 
gated  hi  our  siiidy.  The  rorrespomiing  values  of  x  and  \  have  beet,  varied  in  the  ranee  of 
-  -  'J.V  e  and  If.  -  •lO'.’f,  respectively.  Depending  on  the  coni|iosiiioi.  of  the  ternary  alloys 
i lie  thiikness  of  the  individual  layers  we.  .'varied  from  M)  •  ltd' I  A.  The  intrinsic  strain 
»;e  maintained  in  the  (1  •  2 ‘ ranee.  Both  cross-sectional,  and  plan  view  ThM  were  used 
io  situ!)  the  elferiiveiii-s  of  these  SLS  bulfer  layers  in  rcilm  i*:g  threading  dislocations. 
These  results  are  summ.iri/rd  as  follows. 

I  Tin-  SI.S  is  not  verv  elleciivi-  in  reducing  threading  dislocat ion«  when  (hen  density  is 
in  tin-  IfV'/c.vr  range,  or  greater.  This  observation  was  valid  for  each  of  the  SI.S 
structures  investigated  in  this  study.  It  is  apparent  ax  shown  in  Figure  2(a),  that  in 
regions  of  high  dislocation  density,  threading  dislocations  that  start  to  bend  at  the 
SLS  interfaces  interact  with  each  other.  This  mechanism  will  result  in  the  disloca¬ 
tions  threading  and  penetrating  the  SLS  buffer  and  GaAs  epilayer. 


Figure  2  TEM  Brighl-field  image  illustrating: 

a  I  Dislocations  with  high  density,  threading 
through  the  InGaAs/GaA-d’  SLS 
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The*  Sl.S  is  more  effective  in  reducing  H i«ir»r :» » ion«  bv  bending  them  at  the  SLS  inter¬ 
face  in  regions  were  the  dislocation  density  is  approximately  10*/cm:.  or  lower.  This 
is  clearly  shown  in  Figure  2(h)  were  it  is  apparent  that  in  the  central  region  of  the 
image,  the  dislocations  are  bent.  However,  at  the  edges  the  SLS  is  less  effective  due 
to  high  density  of  impinging  dislocations. 
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Figure  2  TEM  Bright-field  image  illustrating: 

b)  A  SLS  effectively  bending  dislocation  in  regions 
where  there  is  a  low  dislocation  density. 


3.  C  learly,  in  order  for  the  SLS  to  be  made  more  effective  the  density  of  the  impinging 
threading  dislocations,  should  be  reduced,  within  the  range  of  107/cmJ  or  lower.  Two 
approaches  were  implemented  to  achieve  this  goal  The  first  method  was  to  employ 
an  in-situ  anneal  at  825eC-  for  20  minutes  before  the  growth  of  the  SLS.  The  second 
approach  utilizes  rapid  thermal  annealing  at  900°C  for  10  seconds  before  sample 
insertion  in  the  MO(’VI)  reactor.  Both  these  approaches  were  found  to  be  very 
efficient  in  reducing  the  number  of  dislocation*  to  a  level  where  the  SLS  behaves  a? 
an  effective  buffer  layer.  The  micrograph  in  Figure  3  shows  that  the  SLS  is 
extremely  efficient  in  bending  any  type  of  dislocation.  The  SLS  employed  in  this 
structure  is  composed  of  five  In0 .2C»a0  flAs/GaAs0  T)IP0  layers,  each  of  80  A  thick¬ 
ness  with  an  intermediate  800  A  lay f r  of  (ia.\*  This  structure  is  repeated  three 
times  and  is  followed  by  the  growth  of  a  1  p.m  (iaAs  epilayer. 

In  conclusion,  it  is  apparent  that  strained  layer  «uperlalti<  es  combined  with  rapid 
thermal  annealing  or  thermal  annealing  of  the  Si/GaAs  substrates,  significantly  reduces 
the  number  of  threading  dislocations  in  the  GaAs  epilayer.  This  work  is  supported  by 
AFOSR  and  SERI. 
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Molecular  stream  epitaxy  and  the  role  of  the  boundary  layer  in  chemical 
vapor  deposition 
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Molecular  stream  epitaxy  (MSE)  is  a  new  growth  technique  that  modifies  the  nature  of  the 
metalorganic  chemical  vapor  deposition  (MOCVD)  process  to  take  advantage  of  molecular- 
beam  epitaxy  (MBE)  growth  concepts,  and  was  used  for  the  growth  of  InGaAs,  GaAsP,  and 
InGaAs/GaAsP  strained-layer  superlattices  (SLSs).  In  this  technique,  the  growth  proceeds  by 
rotating  the  substrate  to  cut  into  streams  of  reactant  gases  and  thus  eliminates  gas-flow 
transients  and  provides  a  method  to  mechanically  shear  off  the  gaseous  boundary  layer  above 
the  substrate  between  successive  exposures.  In  the  growth  of  InGaAs  and  GaAsP,  growth  rate 
enhancement  and  compositional  changes  were  observed  in  the  faster  rotation  regime.  These 
phenomena  were  attributed  to  the  effective  reduction  of  the  diffusion  boundary  layer  above  the 
substrate.  In  the  growth  of  InGaAs/GaAsP  SLSs  the  individual  layer  thickness  of  these  SLSs 
was  controlled  precisely  down  to  8  A  by  simply  changing  the  exposure  time  to  the  stream  of 
reactant  gases.  The  optical  properties  of  these  SLSs  were  comparable  to  those  obtained  for 
equivalent  superlattices  by  gas  source  MBE. 


INTRODUCTION 

Metalorganic  chemical  vapor  deposition  (MOCVD) 
and  molecular-beam  epitaxy  (MBE)  have  become  the  two 
dominant  crystal-growth  techniques  used  to  synthesize  so¬ 
phisticated  structures.  However,  each  technique  has  its  own 
advantages  and  disadvantages.  MOCVD  is  a  gas-phase 
chemical  deposition  process  which  takes  place  at  relatively 
high  gas  pressures  compared  to  MBE.  This  technique  pro¬ 
vides  more  flexibility  than  MBE,  particularly  for  the  growth 
of  phosphorus  compounds  and  allows  uniform  wide  area 
growths.  However,  in  the  CVD  process,  reactant  species 
have  to  diffuse  through  a  gaseous  boundary  layer  to  reach 
the  substrate. 1  Therefore,  the  abruptness  of  heterointerfaces 
will  suffer  from  the  diffusion  boundary  layer  and  gas  switch¬ 
ing  transients.  On  the  other  hand,  MBE  is  a  physical  depo¬ 
sition  process  that  takes  place  in  ultrahigh  vacuum.  No  dif¬ 
fusion  boundary  layer  exists,  and  thus,  allows  direct 
incidence  of  atoms  or  molecules  in  a  direct  line  of  sight  onto 
the  heated  substrate.  Several  efforts  have  been  made  to  com¬ 
bine  the  advantages  of  both  techniques.2-5  Recent  impres¬ 
sive  results  obtained  by  gas  source  MBE  (GSMBE)6  and 
chemical  beam  epitaxy  (CBE),7  which  are  based  on  modify¬ 
ing  the  MBE  growth  chamber  to  allow  the  use  of  organome- 
tallic  and  hybride  sources,  are  typical  examples. 

We  report  a  new  growth  technique,  molecular  stream 
epitaxy  (MSE),  which  is  based  on  modifying  the  nature  of 
the  MOCVD  process  to  take  advantage  of  MBE  growth  con¬ 
cepts.8,9  MSE  is  performed  in  a  modified  atmospheric  pres¬ 
sure  MOCVD  growth  system.  A  specially  designed  growth 
chamber  and  susceptor  allow  the  substrate  to  cut  into 
streams  of  reactant  gases.  This  technique  provides  a  method 
to  mechanically  shear  off  the  gaseous  boundary  layer 
between  successive  exposures  and  the  growth  process  occurs 
repetitively  in  the  time  regime  where  the  boundary  layer  is 
not  formed  yet.  Therefore,  molecules  in  the  stream  can  im- 
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pinge  directly  onto  the  substrate  rather  than  diffuse  through 
the  boundary  layer.  Moreover,  this  technique  eliminates  gas- 
flow  transients  and  considerably  reduces  the  dead  volume 
and  convection  effects. 

MSE  GROWTH  SYSTEM  AND  PROCESS 

Figure  1  shows  a  schematic  of  the  growth  chamber  and 
susceptor  designed  to  allow  some  of  the  MBE  features  to  be 
utilized  during  the  MOCVD  growth  process.  The  rf-heated 
susceptor  consists  of  several  parts.  The  fixed  part  has  two 


FIG.  1.  Schematic  of  the  MSE  growth  process.  The  gaseous  boundary  !.w .  - 
above  the  substrate  is  sheared  off  mechanically  as  the  substrate  moves  o.. 
from  the  stream  and  the  growth  is  terminated 


windows  facing  the  inlet  tubes  A  and  B.  The  substrate  sits  in 
a  recess  ( 1.5  X  1.5  cm2)  in  the  rotating  part  of  the  susceptor. 
This  part  of  the  susceptor  is  driven  by  a  computer-controlled 
stepping  motor.  The  fixed  part  of  the  susceptor  also  acts  to 
shear  off  most  of  the  gaseous  boundary  layer  between  succes¬ 
sive  exposures.  The  clearance  between  the  surface  of  the  sub¬ 
strate  and  the  top  piece  of  the  susceptor  is  several  mils  to 
avoid  scratching  of  the  substrate  while  minimizing  the  dead 
volume.  Gases  from  the  input  tubes  A  and  B  flow  unimpeded 
through  the  susceptor  when  the  substrate  is  in  position  (a). 
This  reduces  the  effects  of  convection  and  cross  diffusion 
and  also  prevents  the  buildup  of  the  gaseous  boundary  layer 
over  the  fixed  part  of  the  susceptor.  A  large  flow  of  H2  in  the 
middle  tube  is  designed  to  prevent  mixing  of  the  gases  from 
tubes  A  and  B.  When  the  substrate  is  moved  into  the  stream 
of  reactant  gases,  the  gas  species  impinge  directly  on  the 
substrate  due  to  the  near  absence  of  the  diffusion  boundary 
layer,  and  the  deposition  takes  place  suddenly  [position 
( b )  ] .  This  action  simulates  the  opening  of  the  shutters  in  the 
MBE  process.  As  the  susceptor  moves  away  from  the 
stream,  the  gaseous  boundary  layer  is  sheared  off  mechani¬ 
cally  by  the  top  fixed  part  of  the  susceptor  and  the  growth  is 
terminated  [position  (c)  ].  This  action  simulates  the  closing 
of  the  shutters  in  the  MBE  process.  The  same  process  can  be 
repeated  at  the  other  side  of  the  susceptor  and  the  rotation  is 
continued  until  the  desired  thickness  is  obtained.  The  fastest 
transition  time  from  one  gas  stream  to  the  other  is  1.5  s.  The 
fastest  rotation  is  3  s  per  cycle  corresponding  to  the  shortest 
exposure  time  of  about  0.3  s.  The  composition  of  the  grown 
films  was  measured  by  an  x-ray  diffraction  technique. 

MSE  GROWTH  OF  InGaAs  AND  GaAsP 

InxGa,  _,As  and  GaAs,  _yPy  were  grown  on  a  ( 100) 
Cr-doped  GaAs  substrate  at  atmospheric  pressure  by  MSE 
to  investigate  the  effect  of  the  reduction  of  the  boundary 
layer  thickness  on  the  composition  and  growth  rate.  Tri- 
methylgallium  (TMG),  triethylindium  (TEI),  AsH3  ( 10% 
in  H2),  and  PH3  ( 5%  in  H2)  were  used  as  Ga,  In,  As,  and  P 
sources,  respectively.  H2  was  used  as  a  carrier  gas  with  a 
total  flowrate  of  750  seem  for  each  of  the  tubes,  A  and  B,  and 
it  was  also  used  for  the  center  flow  with  a  flowrate  of  4000 
sccin.  The  substrate  was  cleaved  to  fit  in  the  recess  of  the 
rotating  part  of  the  susceptor.  The  substrate  position  was 
adjusted  and  exposed  to  the  stream  from  either  tube  A  or  B. 
The  substrates  were  heated  under  AsH3  at  the  growth  tem¬ 
perature  (550-730 °C)  for  about  5  min  before  the  growth. 
InGaAs  was  grown  by  cutting  into  the  stream  from  tube  A 
containing  TMG,  TEI,  and  AsH3  with  various  exposure 
times  (0.3-600  s).  Only  carrier  hydrogen  (750  seem)  was 
passed  through  tube  B.  The  rotation  cycles  continue  until 
the  desired  thickness  of  InGaAs  film  is  deposited.  On  the 
other  hand,  GaAsP  was  grown  with  the  same  manner  as  that 
of  the  InGaAs  with  the  stream  from  tube  B  containing 
TMG,  AsH3,  and  PH,  and  carrier  hydrogen  (750  seem)  was 
passed  through  tube  A. 

Figure  2  shows  the  growth  rate  of  InGaAs  and  GaAsP 
grown  at  630  *C  as  a  function  of  the  exposure  time  per  rota¬ 
tion  and  vertical  bars  present  the  thickness  variations  across 
the  substrate  in  the  radial  direction.  The  growth  rate  is  nor- 

5099  J.  Appl.  Phys.,  Vol.  63,  No.  10. 15  May  1988 


Slow  cr  Rotation 


Exposure  Tiinr  l  *'*r  Ifni  :»t  ion  !-<•*  ) 


FIG.  2.  Growth  rate  of  InGaAs  an<l  GaAsI*  gtown  al  MO  "(  as  .1  inn. 
the  exposure  time  per  rotation.  The  growth  rate  enhancements  i. 
InGaAs  and  GaAsl*  in  the  faster  rotation  rcr.mtc  have  been  ohseru 


malized  to  1  min,  e.g.,  the  growth  rate  at  1-s  exposure  per 
rotation  means  the  thickness  of  the  epilayer  with  60  rota¬ 
tions  of  1-s  exposure  each.  As  the  exposure  time  was  de¬ 
creased  (rotation  speed  increased),  the  growth  rate  in¬ 
creased  for  both  InGaAs  and  GaAsP.  This  growth  rate 
enhancement  in  the  faster  rotation  regime  is  probably  due  to 
the  effective  reduction  of  the  gaseous  diffusion  boundary 
layer.  This  results  in  an  increase,  in  the  flux  density  ot'Ga  and 
In  species  at  the  substrate  surface.  Moreover,  the  reae'aiii 
products  such  as  CH.,  and  C2H(,  which  might  cause  a  reduc¬ 
tion  of  the  growth  rate10  were  wiped  out  by  the  rotation  of 
the  susceptor  before  they  build  up  over  (he  substrate. 

The  effect  of  the  dead  volume  existing  between  the  sub¬ 
strate  surface  and  top  part  of  the  susceptor  (  <  5  mils  or  12' 
fi m)  on  the  growth  rate  enhancement  in  the  shorter  expo¬ 
sure  regime  was  estimated  assuming  that  all  of  the  TMG 
trapped  in  this  dead  volume  (1.5x1.5x0.0127  cm')  con¬ 
tributes  to  the  growth.  The  calculated  extra  thickness  of  tile 
epilayer  was  0.023  A  per  growth  cycle,  while  the  observed 
growth  rate  enhancement  was  approximately  300  A/min  at 
the  shortest  exposure  time  (200  turns  with  0.3  s  exposure )  as 
shown  in  Fig.  2.  Therefore,  the  dead  volume  effecl  on  the 
growth  rate  enhancement  is  approximately  1.53%,  which  is 
small  enough  to  be  negligible. 

Compositional  changes  have  also  been  observed  foi 
both  InxGa,  _xAs  and  GaAs,  Pv  with  shorter  exposure 
times  as  shown  in  Fig.  3.  Again,  the  vertical  bars  present 
compositional  variations  across  the  substrate  in  the  radial 
direction.  For  InxGa,_xAs,  this  compositional  enhance¬ 
ment  may  be  mainly  due  to  the  variation  of  the  flux  density 
ratio  of  In  and  Ga  (/i„//G» )  at  the  substrate  surface  due  to 
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FIG.  3.  Composition  of  Ii^Ga,  _  „  As  and  GaAs,  yPy  as  a  funclion 
of  the  exposure  time  per  rotation.  Compositional  enhancements  have  been 
observed  for  both  InGaAs  and  GaAsP  in  the  faster  rotation  regime. 


the  reduction  of  the  boundary  layer  thickness.  At  the  growth 
temperature,  630  °C,  both  TMG  and  TEI  molecules  decom¬ 


pose1  12  as  they  diffuse  through  the  boundary  layer  toward 


the  substrate.  Since  heavier  molecules  (TEI  >  TMG, 
In  >  Ga)  diffuse  more  slowly,  the  flux  density  ratio,  /J0a , 
at  the  substrate  will  increase  as  the  thickness  of  the  boundary 
layer  is  decreased.  As  a  result,  the  solid  composition  x  is 
increased  in  the  shorter  exposure  regime.  In  addition,  the 
gas-phase  reaction  between  TEI  and  AsH3  that  can  take 
place  in  the  gaseous  diffusion  boundary  layer  is  reduced  in 
the  shorter  exposure  regime.  The  growth  of  InGaAs  by 
atomic  layer  epitaxy  (ALE)  in  which  the  TEI  and  AsH3  are 
separated  during  the  growth  showed  a  similar  enhancement 
of  the  solid  composition  (x).'3 

However,  the  compositional  change  is  more  significant 
for  GaAs,  _ yPy  as  shown  in  Fig.  3  and  cannot  be  explained 
based  on  the  molecular  weight  of  AsH3  and  PH3.  In  order  to 
investigate  this  dramatic  change,  GaAsP  films  have  been 
grown  at  various  substrate  temperatures.  Figure  4  shows  the 
solid  composition  (y)  as  a  function  of  the  growth  tempera¬ 
ture  for  MSE  and  several  conventional  MOCVD-grown 
GaAsP  by  us  and  others.14,15  Partial  pressure  ratio 
(PPHi//‘AlHj )  for  all  the  grown  films  is  unity  except  for  Ref. 
14  where  the  ratio  is  0.92.  The  three  different  sets  of  conven¬ 
tional  MOCVD  growths  exhibited  a  similar  linearity,  where¬ 
as  MSE-grown  samples  showed  a  larger  slope  than  others. 
This  indicates  that  the  MSE  has  a  higher  efficiency  for  incor¬ 
porating  phosphorus.  In  MSE,  the  solid  composition  (y) 
reached  nearly  50%  at  650  *C.  Since  the  solid  composition 
(y)  is  controlled  by  the  PH3/AsH3  thermal  cracking  ra¬ 
tio,  16,17  this  suggests  that  PH3  was  nearly  100%  decomposed 
at  the  substrate  surface  at  650  *C,  assuming  complete  de¬ 
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FIG.  4.  GaP  solid  composition  (y)  as  a  function  of  the  growth  tcmpci  aii;:  -.- 
for  MSE  and  several  conventional  MOCVD  grown  GaAsP.  Partial  pressure 
ratio  (PHj/AsHj)  is  unity  except  for  in  Ref  14  where  the  ratio  is  ().c)2  MSI. 
showed  a  higher  efficiency  in  incorporation  of  phosphorous.  (  £> )  MSI 
(present  work)  (  #)  MOCVD  (present  work)  (■)  C.  R.  Lewis  and  M  1 
Ludowise  (Ref.  14)  (▲)  L.  Samuelson  Omling.  and  Crimmeiss  (Ref  !' 


composition  of  AsH3  at  the  substrate  surface.  Although  Un¬ 
reasons  for  such  a  dramatic  enhancement  of  the  solid  com¬ 
position  (y)  by  MSE  has  not  been  clearly  understood,  this 
effect  may  be  related  to  the  enhancement  in  the  cracking 
efficiency  of  PH3  by  catalyzation  at  the  GaAsP  growing  sur¬ 
face.  This  can  be  expected  from  the  result  of  complete  pyro¬ 
lysis  of  PH3  with  powdered  GaP  at  600  °C. 17  Another  possi¬ 
ble  mechanism  for  the  enhancement  of  the  solid  composit  ion 
(y)  is  the  contribution  of  the  gas  phase  in  the  overall  decom¬ 
position  of  the  AsH3  and  PH,  molecules.  Both  AsH,  and 
PH3  will  decompose  (or  partially  decompose)  either  ther¬ 
mally  or  catalytically  at  the  substrate  surface.  Based  on  sev¬ 
eral  experimental  results  of  the  AsH,  pyrolysis,11,12  it  is  ex¬ 
pected  that  AsH3  is  nearly  100%  cracked  in  the  gas  phase 
above  600  °C  in  the  presence  of  TMG.  However,  the  thermal 
cracking  of  PH3  in  the  gas  phase  may  not  be  as  efficient  as 
AsH3  at  this  temperature.  Therefore,  as  the  thickness  of  the 
boundary  layer  is  decreased,  the  P/As  ratio  at  the  substrate 
surface  will  be  increased  either  by  allowing  more  PH,  crack¬ 
ing  due  to  the  surface  catalytic  reaction  or  by  the  reduction 
of  AsH3  decomposition  in  the  thermal  boundary  layer.  A 
combination  of  both  these  effects  is  also  possible.  Conse¬ 
quently,  the  solid  composition  (y)  is  enhanced  by  allowing 
the  surface  reactions  to  play  a  more  dominant  role  than  the 
decomposition  taking  place  in  the  gas  phase.  It  may  be  also 
possible  that  at  shorter  exposure  times  the  substrate  surface 
has  less  time  to  cool  in  the  gas  stream  ( than  at  higher  expo¬ 
sure)  and  therefore  the  average  temperature  is  higher,  allow  ¬ 
ing  more  P  incorporation. 

It  should  be  pointed  out  that  the  enhancements  in 
growth  rate  and  composition  were  observed  when  the  expo¬ 
sure  time  was  less  than  2  s.  This  suggests  that  the  boundary 
layer  is  established  in  the  MSE  system  within  2  s  after  the 
exposure  of  the  substrate  to  the  stream  of  reactant  gases  It 
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should  also  be  noted  that  the  composition  ( y )  of  the  MSE- 
grown  samples  decreased  at  even  higher  temperature  (  > 
650  *C).  This  is  probably  due  to  the  desorption  of  phos¬ 
phorus  from  the  substrate  during  the  rotation  cycle  when  it 
is  covered  by  the  fixed  part  of  the  susceptor  without  phos¬ 
phorus  overpressure.  In  fact,  above  650  "C  the  MSE-grown 
samples  showed  hazy  surfaces  which  may  be  attributed  to 
loss  of  phosphorus. 

MSE  GROWTH  OF  InGaAs/GaAsP  SLSs 

The  In,Ga,  _,As/GaAs, SLS  were  also  grown 
by  MSE  on  Cr-doped  (100)  GaAs  at  630  °C.  The  GaAs  sub¬ 
strate  was  exposed  to  the  tube  A  stream  containing 
TMG(  -  13  °C)  =  3  seem,  TEI(20  °C)  =  65  seem, 
AsH,  =  15  seem,  and  to  the  tube  B  stream  containing 
TMG(  -  13  °C)  =  3  seem,  AsH3  =  15  seem,  l’H,  =  60 
seem,  alternately.  The  mole  fraction  of  the  reactant  species 
was  adjusted  to  allow  the  growth  of  a  SLS  with  x  =  1 2%  and 
y  =  23%.  These  values  of x  and y  allow  the  lattice  constants 
of  the  SLSs  parallel  to  the  grown  layer  to  match  that  of  the 
GaAs  substrate.  The  exposure  time  for  each  reactant  gas 
stream  was  varied  from  0.5  to  10.3  s  with  equal  exposure 
times.  The  mole  fractions  in  the  gas  phase  were  adjusted, 
especially  for  short  exposure  times,  to  give_y  =  2A\  The  tran¬ 
sition  time  from  one  stream  to  the  other  is  about  1.5  s. 

The  SLSs  were  characterized  by  x  ray,  transmission 
electron  microscopy  (TEM),and  photoluminescence  (PL). 
Table  I  summarizes  the  growth  conditions  and  structures  of 
the  SLSs.  The  period  of  the  SLSs  was  determined  from  the 
separation  of  x-ray  diffraction  satellite  peaks  (samples  a,  b, 
and  c)  and  from  high-resolution  TEM  images  (samples  c,  d, 
and  e).  Figure  5  shows  bright-field  cross-sectional  TEM  im¬ 
ages  of  the  samples  “d”  and  “e”.  Uniform  periodic  layered 
structures  with  layer  thicknesses  of  12  A  [Fig.  5  (a),  1.3-s 
exposure]  and  8  A  [Fig.  5  (b),  0.5-s  exposure]  have  been 
observed.  To  the  best  of  our  knowledge,  the  8-A  InGaAs  and 
GaAsP  layers  are  among  the  thinnest  films  ever  grown  in  a 
superlattice  with  alternating  layers  having  As  and  P  com¬ 
pounds."1  These  structures  composed  of  both  As  and  P  are 
difficult  structures  to  synthesize  with  an  abrupt  interface"’ 
since  AsH,  and  PH,  cracking  temperatures  are  relatively 
high. 

The  period  of  the  SLSs  as  a  function  of  the  exposure  time 
is  shown  in  Fig.  6.  Excellent  linearity  has  been  obtained  up  to 
25-A  periods.  This  demonstrates  the  ability  of  MSE  to  pro- 


TABLE  I.  Growth  conditions  and  structures  of  In,,,,  Ga,,,,  As/ 
GaAs,, 7, P„ ,, SLSs.  TMG  (  -  1 3 *C)  =*  3  seem,  TEI  <20’C)’=65  seem, 
AsH,  ( 10%  in  H,)  =  15  seem,  PH,  (5%  in  H,)  =  60  seem,  growth  tem¬ 
perature  =  630  *C. 


Run 

Exposure 
time  (s) 

Number  of 
periods 

Period 

(A) 

PL  peak 
energy  (eV) 

FWHM 
( meV ) 

a 

10,3 

30 

183 

1.40 

13.4 

b 

5.3 

120 

96 

1.42 

15.3 

c 

2.8 

200 

52 

1.48 

12.0 

d 

1.3 

400 

25 

1.46 

24.0 

c 

0.5 

800 

16 

1.49 

15.6 
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FIG.  5.  High-resolution  TEM  images  of  the  MSB-grown  tiluatlun 
InGaAs/GaAsP  SLS.  (a)  25-A  period.  1.3-s  exposure,  (b)  16-A  period. 
0.5-s  exposure. 


ducc  multilayered  structures  will)  precisely  controlled  thick¬ 
nesses  by  simply  changing  the  exposure  lime  lo  the.  si  ream  ol 
reactant  gases.  The  16-A  period  with  0.5-s  exposure  is  slight 
ly  thicker  than  the  value  given  by  the  extrapolation  from 
other  measurements  due  to  the  growth  rate  enhancement  as 
discussed  previously. 

Photoluminescence  (PL)  measurements  were  pci  - 
formed  at  77  K.  An  Ar-ion  laser  ( /.  ----  5145  A)  was  used  as 
an  excitation  source  with  excitation  power  density  ranging 
from  100  to  500  W/cm2.  Each  sample  showed  a  strong,  sin¬ 
gle,  sharp  peak  corresponding  to  the  transition  between  t lie- 
first  electron  (n  =  1 )  and  heavy-hole  band.  Figure  7  diev.s 
the  PL  peak  energy  as  a  function  of  the  period  of  the  51  Ss 
As  the  well  width  (InGaAs  layer  thickness)  was  decreased, 
the  PL  peaks  shifted  toward  the  higher  energy  due  to  the 
quantum  size  effect.  The  solid  line  shows  the  elleetiv  e  hand 
gap  of  the  In0  ,2  Ga0  85  As/GaAs,, ,,  P„  ,,  SLS  calculated  ic¬ 
ing  the  strain-induced  band-gap  shift  and  the  modified 
Kronig-Penney  model.  The  vertical  bars  present  the  vari¬ 
ation  in  peak  energy  across  the  samples  in  the  radial  direc¬ 
tion.  PL  results  shown  in  Fig.  7  correspond  to  measurements 
made  at  the  position  of  the  substrate  shown  in  the  mseii 
Although  the  uniformity  across  the  samples  needs  lo  he  im 
proved,  full  width  at  half-maxiniums  (FWHMs)  of  ;he  PI. 
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FIG.  6.  Period  of  the  SLSs  as  a  function  of  the  exposure  time.  An  excellent 
linearity  has  been  obtained  up  to  25  A  periods.  Due  to  the  growth  rale  en¬ 
hancement  in  the  faster  rotation  regime,  the  sample  grown  with  0.5-s  expo¬ 
sure  is  slightly  thicker  than  the  value  given  by  the  extrapolation. 


spectra  (12-24  meV)  indicate  that  these  SLSs  grown  by 
MSE  are  of  comparable  optical  quality  to  those  obtained  by 
GSMBE  (Ref.  6)  and  CBE.20  For  example,  the  FWHM  of 
InGaAs/GaAsP  SLS  at  77  K  is  about  the  same  as  that  ob¬ 
tained  by  GSMBE  at  6  K  for  the  InGaAsP/InP  superlattice 
structure  with  80-A  wells.6  Also,  the  8-A  InGaAs  quantum 
wells  in  the  InGaAs/GaAsP  SLS  have  comparable  PL  prop- 


FIG.  7.  Photoluminescence  peak  energy  as  a  function  of  the  period  or  the 
SLSs.  PL  peak  shitted  toward  higher  energy  with  decreasing  the  period  of 
the  SLSs  due  to  the  quantum  size  effect.  Solid  line  shows  the  calculated 
effective  band  gap  of  In, , ,  Gi^  „  As/Ga  As^,,  P0„  SLS  using  the  modified 
Kroning-Penney  model  and  strain-induced  band-gap  shift. 
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erties  to  those  obtained  by  low-pressure  MOCVD  (  Ref  I S  ) 
and  CUE  (Ref.  20)  at  2  K  for  an  InGaAs/  lnl’  single  qn.ui 

turn  well. 

One  of  the  main  concerns  of  this  VISE  system  is  the 
diffusion  of  gases  from  one  side  of  the  growl  li  chamber  to  i  he 
other.  Although  a  large  flow  of  hydrogen  provided  from  the 
center  tube  of  the  growth  chamber  helps  to  prevent  this  cross 
diffusion,  it  is  important  to  know  the  degree  of  cross  diffu¬ 
sion  taking  place  during  the  growth  of  the  SLSs.  A  cross- 
diffusion  test  has  been  carried  out  by  growing  GaAs/GaAsP 
multilayer  structures  in  the  same  manner  as  the  InGaAs/ 
GaAsP  SLSs.  The  multilayer  structures  consist  of  ten  per¬ 
iods  of  400-AGaAs  (40-s  exposure)  and  100-A  GaAsP  ( 10- 
s  exposure).  In  this  structure,  the  GaAs  layers  are  thick 
enough  to  eliminate  the  quantum  size  effect  and  the  GaAsP 
layers  are  thin  enough  to  accommodate  lattice  mismatch 
Therefore,  the  degree  of  cross  diffusion  can  be  estimated  In 
the  shift  in  the  PL  spectral  energy  peak  from  the  GaAs  band 
gap  which  relates  to  the  incorporation  of  P  in  the  GaAs  lay  - 
ers.  Two  PH,  flowrates  (30  and  100  seem)  were  used  for  the 
cross-diffusion  test.  The  result  of  the  cross-diffusion  lest  in 
dicates  that  approximately  2G  PH,  cross  diffusion  lakes 
place  in  the  MSE  system.  Howev  er,  it  should  he  noted  that 
PH,  creates  a  worst-case  lest  because  the  decomposition 
temperature  of  PH  ,  is  higher  than  that  of  AsH  ,  and  oilier 
organonietallic  sources.  Indeed,  the  realization  of  GaAs 
ALE  in  the  same  system  has  confirmed  that  the  cross  diffu¬ 
sion  of  theTMG  and  AsH ,  is  small  enough  to  be  negligible /' 
Further  improvement  can  he  expected  with  a  better  suscep¬ 
tor  and  growth  chamber  design  combined  with  operation  at 
low  pressure. 


SUMMARY 

MSE  growth  has  been  investigated.  This  technique  has 
demonstrated  that  the  boundary  layer  plays  an  important 
role  in  the  CVD  growth  process  and  also  showed  the  ability 
to  produce  high-quality  ultrathin  layers  with  precisely  con¬ 
trolled  thicknesses.  IntGa,  _,As  and  GaAs  ,  ,.1\.  were 

grown  on  GaAs  by  MSE.  Enhancement  of  the  growth  rate 
was  observed  for  both  InGaAs  unci  GaAsP  in  the  faster  rota¬ 
tion  regime  due  to  the  significant  reduction  of  I  lie  boundary 
layer.  The  enhancement  of  the  solid  composition  f.v  and  r) 
was  also  observed  in  the  faster  rotation  regime.  These  effects 
may  be  attributed  to  the  variation  of  the  llux  density  ratio 
G» )  at  (he  substrate  surface  for  InGaAs  and  the  in¬ 
crease  of  cracking  efficiency  ofPH  ,  d  ue  to  the  catalytic  reac¬ 
tion  at  the  GaAsP  growing  surface,  or  the  reduction  of  the 
gas-phase  reaction  of  AsH ,  in  the  thermal  boundary  layer  A 
series  of  InGaAs/GaAsP  SLSs  were  also  grown  by  MSE.  An 
excellent  linearity  in  the  relation  between  the  exposure  time 
and  the  SLS  period  revealed  the  ability  of  MSE  to  synthesize 
multilayered  structures  with  precisely  controlled  thick¬ 
nesses  without  gas  switching.  The  8-A  InGaAs  and  GaAsP 
layers  are  among  the  thinnest  films  ever  synthesized  in  a 
superlattice  with  alternating  layers  composed  of  As  and  P 
compounds.  PL  results  indicate  high  optical  quality  and 
abrupt  interfaces  that  arc  comparable  to  those  obtained  In 
GSMBE  and  CBE. 
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Single-crystal  x-ray  rocking  curve  and  transmission  imaging  topography  techniques  have  been 
used  for  the  characterization  of  InGaAs-GaAsP  strained-layer  superlattices  (SLS’s),  which 
are  lattice  matched  to  GaAs  substrates.  The  thicknesses  of  the  SLS’s  and  strains,  (e1)  and  (e11), 
were  readily  determined  nondestructively  by  analyzing  the  rocking  curves  obtained  with 
Cu  Kf3t  radiation.  These  quantitative  data  were  combined  with  the  qualitative  defect  imaging 
results  of  x  ray  topography  to  determine  the  critical  intrinsic  SLS  thickness  hsc  (  —  Psl  (fll)r ) 
that  dominates  the  generation  of  misfit  dislocations.  It  was  estimated  for  the  InGaAs-GaAsP 
SLS  on  a  GaAs  substrate  as  1.05X  10-3  A  <  tISc  <  1.56X  10~3  A. 


Strained-layer  superlattice  (SLS)  structures1  have  been 
proposed  as  a  buffer  layer  that  can  provide  a  filter  to  provide 
low  defect  density  GaAs  homo-  or  heteroepitaxial  layers. 
The  SLS  consists  of  alternating  ternary  layers  whose  lattice 
parameters  are  significantly  different  from  that  of  the  GaAs 
substrate.  The  layers  can  be  thin  enough  to  ensure  that  the 
lattice  mismatch  is  entirely  accommodated  by  elastically 
straining  the  layers  without  generation  of  misfit  dislocations; 
however,  the  interfacial  stress  turns  aside  threading  disloca¬ 
tions  propagating  up  from  the  substrate. 2,3  Bedair  et  al. used 
a  metalorganic  chemical  vapor  deposition  (MOCVD)  tech¬ 
nique  to  deposit  InxGa,  _xAs-GaAs,  _y¥y  superlattice  lay¬ 
ers  that  were  lattice  matched  to  the  GaAs  substrate  when 
y  =  2xf  They  reported  that  GaAs  epitaxial  layers  grown  on 
the  InGaAs-GaAsP  superlattice  buffer  layers  showed  a  dis¬ 
location  density  lower  by  at  least  an  order  of  magnitude  than 
that  obtained  from  epitaxial  layers  grown  directly  on  GaAs 
substrates.5  In  this  letter  we  present  two  single-crystal  x-ray 
diffraction  techniques  that  use  Cu  Kf5x  and  Ka ,  radiation 
sequentially  to  obtain  the  rocking  curves  (XRC)  and  topo¬ 
graphy  (XRT)  of  SLS  structures,  respectively.  It  is  demon¬ 
strated  that  the  x-ray  rocking  curves  can  rapidly  and  quanti¬ 
tatively  characterize  such  structural  parameters  as  the  SLS 
period  and  average  layer  strains,  both  parallel  and  perpen¬ 
dicular  to  the  surface,  generated  at  the  SLS  interfaces.  Quali¬ 
tative  defect  images  are  then  obtained  by  using  composi¬ 
tional  and  transmission  x-ray  topography  to  delineate 
dislocations  separately  in  the  substrate  and  SLS  layers.  Fin¬ 
ally,  a  parameter  that  yields  an  intrinsic  critical  thickness  of 
SLS  for  generation  of  misfit  dislocations  is  proposed. 

Thirty-period  In^Ga,  _*As-GaAs,  _yPy  SLS  layers 
were  grown  by  MOCVD  at  atmospheric  pressure  in  a  verti¬ 
cal  reactor.  Two  different  GaAs  substrates  grown  by  the 
horizontal  Bridgman  method  were  used;  one  Cr  doped  and 
the  other  Zn  doped.  The  dislocation  densities  of  these  crys¬ 
tals  were  on  the  order  of  lOMoVcm2,  as  determined  by 
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transmission  XRT.  All  substrates  were  ( 1  (X) ) ,  off  oriented  2r 
towards  ( 1 10).  Details  of  the  growth  conditions  have  been 
previously  reported.5  The  nominal  structural  parameters  for 
samples  A-D,  which  were  grown  in  different  runs,  are  listed 
in  Table  I. 

The  x-ray  rocking  curves  were  obtained  by  using  &»«> 
symmetric  diffraction  vectors,  and  gj22  and  g5ll  asymmetric 
reflections  by  using  Cu  AT/7,  radiation.  The  primary  incident 
beam  was  collimated  by  a  slit  of  0.05  mm  in  width.  In  order 
to  observe  defects  induced  in  the  samples,  x-ray  topographs 
were  obtained  with  a  Lang  camera  with  the  use  of  Cu  Kat 
radiation  under  the  condition  of  anomalous  transmission 
with  fit  ~  1 7.  An  intrinsic  critical  thickness  of  SLS  for  gener¬ 
ation  of  misfit  dislocations  was  estimated  by  the  analyses  of 
both  x-ray  rocking  curves  and  x-ray  topography.  Moreover, 
compositional  x-ray  topography6  clearly  distinguished  the 
defects  in  the  SLS  from  those  in  the  substrate. 

The  Cu  K0t  x-ray  rocking  curves  obtained  with  the  use 
of  the  (400),  (422),  and  (511)  reflections  consist  of  a  main 
peak  from  the  GaAs  substrate  and  periodic  satellite  peaks 
from  the  SLS  layers.  Typical  x-ray  rocking  curve  profiles 
obtained  by  using  the  (422)  reflection  for  samples  A,  B,  C, 
and  D  are  shown  in  Figs.  1(a),  1(b),  1(c),  and  1(d),  respec¬ 
tively.  The  location  of  the  SLS  zeroth-order  satellite  peak 
can  be  identified  by  measuring  the  absolute  value  of  the  an¬ 
gular  distance  between  the  positive  and  negative  first-order 
satellite  peaks,  and  dividing  by  two.  For  samples  A  and  B, 
the  SLS  zeroth-order  satellite  peak  overlaps  the  substrate 


TABLE  I.  Nominal  structure  parameters  for  the 
ln,Ga,  _  ,As-GaAs,  _,P,  superlatticc  samples. 


Sample 

In/P  =  */>>(%) 

GaAs  substrate 

Period  of  SLS  (  A  i 

A 

7/14 

Cr  doped 

300 

B 

7/14 

Cr  doped 

300 

C 

7/12 

Si  doped 

300 

D 

7/12 

Si  doped 

vw 
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FIG.  1.  X-ray  rocking  curves  obtained  with  the  use  of  Cu  Kfi ,  (422)  reflection,  (a)  Sample  A,  (b)  sample  I),  (e)  sample  C.  and  (d)  sample  If 


peak;  it  therefore  follows  that  the  SLS,  as  a  whole,  is  essen¬ 
tially  lattice  matched  with  the  substrate.  However,  consider¬ 
able  lattice  mismatch  is  observed  in  samples  C  and  D,  as 
shown  in  Figs.  1(c)  and  1(d).  Moreover,  the  difference  in 
the  number  of  satellite  peaks  and  their  relative  intensity  pro¬ 
files  for  the  different  order  reflections  for  each  sample  can  be 
attributed  to  compositional  fluctuations  in  the  SLS.7'* 

The  angular  distance  A 6  between  two  neighboring  satel¬ 
lite  peaks  yields  the  periodic  thickness  of  superlattice,  PSL ,  as 
follows9: 

^sl  =  *■  |y„|/A0sin  29,  (1) 

where  A  is  the  wavelength  of  Cu  Kfi ,,  \yn  |  the  direction  co¬ 
sines  of  the  diffracted  beam,  and  6  the  Bragg  angle  of  the 
GaAs  substrate.  The  superlattice  period  PSL  calculated  by 
using  the  (400),  (422),  and  (511)  reflection  and  the  aver¬ 
aged  period  PSL  for  the  samples  are  shown  in  Table  II.  The 
periods  obtained  from  different  reflections  are  in  excellent 
agreement  with  each  other;  however,  it  is  found  that  the 
actual  SLS  period  deviates  largely  from  the  nominal  one. 


This  deviation  is  attributable  to  unstable  SLS  growth  eon,! 
lions. 

If  the  SLS  zeroth-ordcr  peak  is  displaced  by  an  angi 
A(?n  from  the  substrate  peak,  e.g.,  as  in  Fig,  1  (e ),  the  sc  au¬ 
nt  the  SLS/substratc  interlace  normal  and  parallel  to 
surface  can  be  calculated  from  the  following  equations1' 

-A  0„  =  K,(el)  +*,<*''). 

K)  =  cos3  if  tan  0  +  sin  if>  cos  0, 

K2  =  sin3  ip  tan  9  —  sin  if’  cos  0, 

where  (f1)  and  (f11)  are  the  strains,  averaged  over  the  stipe: 
lattice  period,  perpendicular  and  parallel  to  the  surface. 
spectively;  ip  is  the  angle  between  the  reflection  planes  .e 
the  wafer  surface.  From  Eq.  (2)  the  symmetric  reflects 
g.llx,  measures  (r1)  only,  while  the  asymmetric  relleetio: 
gj:;and  g5n  measure  both  (f‘)  and  <f).  The  experiment:! 
ly  determined  values  of  (f1)  and  (f11)  obtained  are  listed 
Table  II,  in  which  (?")  denotes  the  averaged  strain  o> 


TABLE  II.  Results  of  x-ray  diffraction  analyses. 


Psl  (A) 

(P) 

<e">(XI0-4) 

<?  > 

A,  <  <  > 

....  . 

Sample 

(400) 

(422) 

(511) 

(A) 

(  X  10“*) 

(422)  (511) 

(X  10  ') 

(XlO  'A) 

Ml) 

A 

250 

257 

258 

255 

3.6 

-1.8  -2.2 

-  2.0 

0  51 

No 

B 

448 

431 

434 

437 

3.7 

2.3  2.5 

2  4 

1  05 

NV 

C 

357 

347 

353 

352 

1.4 

-  5.6  -  7.4 

-  6.5 

2.29 

Mans 

D 

404 

376 

390 

2.1 

-4.0 

-  40 

1.56 

Mam 

•  MD:  Misfit  dislocations  observed  by  x-ray  topography. 

"Some  MD’s  were  observed  locally  in  the  SLS,  but  not  at  the  SLS/substratc  inlcrface. 
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FIG.  2.  X-ray  topography  with  the  use  of  Cu  Afar,  (220)  diffraction  for  sam¬ 
ple  C.  (MD,  SD,  and  S  denote  misfit  dislocations,  substrate  dislocations, 
and  a  mechanical  scratch,  respectively). 

(ell)422  and  (e'^n-The  reason  for  positive  (e11)  observed  in 
sample  B  is  unknown. 

From  x-ray  topography  with  CuKa ,  radiation,  misfit 
dislocations  were  observed  at  the  SLS/substrate  interface  of 
samples  C  and  D,  as  shown  in  Fig.  2  for  sample  C;  however, 
misfit  dislocations  were  not  detected  in  the  XRT’s  of  sam¬ 
ples  A  and  B.  In  Fig.  2  the  arrows  MD-1  point  to  misfit 
dislocations  that  lie  in  the  SLS/substrate  interface  and  are 
aligned  along  the  ( 1 10)  directions  (the contrast  feature  indi¬ 
cated  with  the  arrow  S  is  due  to  a  mechanical  scratch  on  the 
surface).  Note  that  for  each  MD  indicated,  the  source  of 
these  misfit  dislocations  is  associated  with  a  substrate  dislo¬ 
cation  (see  arrows  SD  in  Fig.  2).  As  mentioned  above,  no 
extended  misfit  dislocations  were  observed  at  the  SLS/sub¬ 
strate  interface  of  samples  A  and  B;  however,  transmission 
XRT  and  compositional  XRT  revealed  some  dislocations 
locally  distributed  in  the  SLS  of  sample  B.  Figure  3  shows 
the  compositionally  differentiated  XRT  for  the  (a)  substrate 
and  (b)  SLS  of  sample  B.  These  images  were  obtained  by 
separately  recording  (422)  reflections  from  the  substrate 
peak  and  the  second-order  (n  =  —  2)  SLS  satellite  peak, 
respectively.  No  defect  contrast,  except  weak  contrast  that  is 
considered  to  be  due  to  misfit  dislocations  running  in  the 
SLS  very  close  to  the  interface,  is  observed  in  the  substrate 
[Fig.  3(a)].  However,  both  threading  and  misfit  disloca¬ 
tions  are  found  in  the  SLS.  These  defects  observed  in  the  SLS 
of  sample  B  may  be  related  with  its  positive  (e11)  shown  in 
Table  II. 

This  sequence  of  bending  a  substrate  defect  into  the  epi¬ 
taxy  interfacial  plane  and  then  extending  the  defect  to  the 
edge  of  the  wafer  is  precisely  the  goal  of  those  workers  who 
desire  the  elimination  of  substrate  defects  using  lattice  mis¬ 
fit.  The  challenge  is,  of  course,  to  achieve  this  without  intro¬ 
ducing  unwanted  new  dislocations,  which  thread  up  to  the 
wafer  surface. 

It  is  recognized  that  an  elastic  force  from  strain  energy 
existing  at  a  misfit  interface  will  act  on  a  substrate  disloca¬ 
tion  as  it  passes  through  a  heteroepitaxial  interface.1  The 
propagation  direction  of  the  dislocation  can,  therefore,  be 
changed  so  that  the  dislocation  does  not  enter  into  the  epi¬ 
taxial  layer.  Rozgonyi  et  al?  have  verified  experimentally 
this  model  by  carefully  controlling  the  layer  thickness  and 
the  lattice  parameter  mismatch  in  growing  heteroepitaxial 
layers  of  GaAl  AsP  on  Ga  As  substrates.  Mathematically,  the 
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FIG.  3.  Compositional  x-ray  topographs  with  the  use  of  Cu  A'/f,  (432)  dif¬ 
fraction  for  sample  B.  (a)  Substrate  and  (b)  SLS. 

misfit-induced  elastic  force  /■’,  acting  on  a  dislocation  lias 
been  expressed  for  a  single  heteroepitaxial  layer  as 

Ft  =  Ktf  (3) 

where  t  is  the  layer  thickness,  /is  the  layer/substrate  misfit, 
and  K  is  proportional  to  the  Burgers  vector.'  For  SLS  the 
misfit-induced  elastic  force  can  be  proportional  to  the  value 
PsL  <f'!>  .  The  calculated  value  of  P*,  (e  ).  which  is  referred 
to  as  intrinsic  strained  thickness  tls  hereafter,  is  given  in  I  a- 
ble  II  for  samples  A-D. 

According  to  the  calculated  values  of  R*,  (e  >  and  the 
images  obtained  with  x-ray  topography,  the  critical  intrinsic 
strained  thickness  f,Sc  (  =  Fs,  (e11),  ),  which  dominates  the 
generation  of  misfit  dislocation,  can  be  estimated  to  be 

1.05X10--’  A  </ls,.  <  1.56X10  'A.  (4) 

It  is  important  to  recognize  that  the  parameter  fls,  rathci 
than  the  simple  thickness  of  SLS  or  heteroepitaxial  layers, 
can  be  the  dominant  factor  in  correlating  the  critical  growth 
conditions  with  the  application  of  misfit  dislocation  genera¬ 
tion  to  the  elimination  of  substrate  defects. 

In  summary,  single-crystal  x-ray  rocking  curve  and  to¬ 
pography  techniques  using  Cu  Kf){  and  Cu  X«,  radiation, 
respectively,  have  been  used  for  the  characterization  of 
InGaAs-GaAsP  strained-layer  superlattices  on  GaAs  sub¬ 
strates.  The  thickness  of  the  SLS  and  strains  (e;>  and  (e  ) 
were  well  determined  by  analyzing  the  rocking  curves.  Com¬ 
bining  the  results  of  x-ray  topography,  the  critical  intrinsic 
strained  thickness  r,Sc  (  =  RSi.  (f">,  )  that  dominates  the 
generation  of  misfit  dislocation  was  determined  for  InGaAs- 
GaAsP  strained-layer  superlattice/GaAs  substrate  system. 

This  work  was  supported  by  the  Air  Force  Office  of 
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GaAsP-InGaAs  strained-layer  superlattices  grown  lattice  matched  to  GaAs  have  been  used  to 
reduce  the  density  of  threading  dislocations  originating  from  the  GaAs  substrate.  GaAs  epitaxial 
layers  grown  on  the  GaAsP-InGaAs  superlattice  buffer  layers  showed  a  dislocation  density  lower 
by  at  least  an  order  of  magnitude  than  that  obtained  from  epitaxial  layers  grown  directly  on  GaAs 
substrates.  Transmission  electron  microscopy  showed  that  dislocations  originating  from  the 
GaAs  substrate  do  not  penetrate  the  GaAsP-InGaAs  superlattice  layers. 


The  recent  advances  in  GaAs  device  and  integrated  cir¬ 
cuit  technology  have  stimulated  the  need  for  high  quality, 
uniform  substrates.  These  are  necessary  to  achieve  uniform 
circuit  parameters  and  respectable  yields.  However,  com¬ 
pound  semiconductor  substrates  typically  have  several  types 
of  defects,  such  as  dislocations,  which  can  degrade  the  oper¬ 
ation  of  devices  and  circuits.  Typical  substrates  have  disloca¬ 
tion  densities  on  the  order  of  104  cm-2  and  greater.  Addi¬ 
tionally  the  dislocation  density  is  not  uniform  across  the 
wafer;  for  example,  dislocations  in  liquid  encapsulated 
Czochralski  (LEC)  wafers  usually  have  a  W-shaped  distribu¬ 
tion,  with  larger  densities  at  the  edge  and  center  of  the  wa¬ 
fer.1  These  dislocations,  as  evidenced  by  etch  pits,  x-ray  to¬ 
pography,  and  transmission  electron  microscopy  (TEM) 
have  been  correlated  to  material  parameters  such  as  photo¬ 
luminescence  intensity,2,3  sheet  carrier  concentration,  and 
sheet  resistance4'3  as  well  as  device  parameters  including 
leakage6  and  drain-source1  currents,  and  threshold  vol¬ 
tage.7-10  Sheet  carrier  concentration  directly  tracks  the  dis¬ 
location  density  while  the  sheet  resistance  is  inversely  pro¬ 
portional  to  it.4  Metal-semiconductor  field-effect  transistor 
arrays  across  2-in.  LEC  wafers  show  threshold  voltage  varia¬ 
tions  of  about  400  mV  [for  Flh  (mean)  =  +  0. 126  V]  with 
V lh  becoming  more  negative  as  the  dislocation  density  in¬ 
creases.7  LEC  wafers  typically  have  dislocation  networks 
which  result  in  large  variations  in  device  parameters  while 
horizontal  Bridgman  (HB)  wafers  usually  have  more  uni¬ 
form  dislocation  densities. 1 1  Defect  density  variations  across 
the  boule  can  be  another  source  of  problems  for  GaAs  tech¬ 
nology.  Thus,  it  is  evident  that  the  quality  of  the  GaAs  must 
be  improved  to  have  a  viable  integrated  circuit  process. 

One  possible  method  for  reducing  defects  is  to  improve 
the  bulk  growth  of  GaAs.  There  have  recently  been  reports' 2 
of  HB,  silicon-doped  GaAs  substrates  with  less  than  200 
dislocations  cm  “ 2.  This  low  density  has  not  yet  been  realized 
in  LEC  or  Cr-doped  material,  which  is  required  for  GaAs 
integrated  circuits.  The  approach  we  have  investigated  is  to 
provide  a  low  defect  density  epitaxial  layer  using  a  strained- 
layer  superlattice.  This  was  first  proposesd  by  Matthews  and 
Blakeslee13,14  who  used  the  strain  field  in  a  GaAsP-GaAs 
superlattice  to  turn  aside  dislocations  propagating  up  from 
the  substrate.  A  superlattice  is  constructed  of  layers  with 
different  lattice  constants  such  that  layers  are  alternately 
under  compression  and  tension.  The  layers  are  thinner  than 


a  maximum  thickness  such  that  the  strain  is  accommodated 
elastically,  but  greater  than  a  minimum  thickness  required 
for  “bending  over"  the  dislocations.13'15  The  dislocations 
propagating  up  from  the  substrate  encounter  the  strain  field 
and  are  bent  over  and  forced  to  move  laterally  towards  the 
edge  of  the  substrate.  Note  that  the  materials  must  have 
enough  lattice  mismatch  to  generate  the  required  strain.  The 
problem  that  arises  with  strained-superlattice  structures 
such  as  GaAs-lnGaAs  and  GaAs-GaAsP  is  that  they  are 
not,  as  a  whole,  lattice  matched  to  the  GaAs  substrate  or 
epitaxial  layer.  Thus  more  dislocations  are  produced  at  these 
interfaces.  What  is  needed  is  a  superlattice  composed  of  two 
materials  having  equal  but  opposite  lattice  mismatches,  such 
that  the  average  lattice  constant  matches  that  of  GaAs.  We 
have  proposed  a  materials  system,  GaAs,  _,P,- 
In^Ga,  _y  As,  which  is  lattice  matched  to  GaAs  when 
x  =  2y. 16  Additional  potential  material  systems  are  GaAsP- 
GaAsSb,  GaAsP-InGaAsSb, 1 7  and  Ga<j.j2  +  ,  Ina«g  _  ,  P- 
Gao .52  -  ^  I°o  48  +  *  P-  This  allows  a  high  quality  GaAs  layer 
to  be  grown  lattice  matched  on  top  of  the  superlattice  buffer 
(SLB)  layer.  There  is  also  some  evidence  that  a  strained  su¬ 
perlattice  may  act  as  a  gettering  site  for  impurities  out  diffus¬ 
ing  from  the  substrate. 1K1'1 

Ten  period  SLB’s  were  grown  by  metalorganic  chemi¬ 
cal  vapor  deposition  at  atmospheric  pressure  in  a  vertical 
reactor.  Gallium  was  supplied  from  a  trimethylgallium 
bubbler  (0  °C)  at  a  flow  rate  of  5  seem.  Indium  was  supplied 
from  a  triethylindium  bubbler  (20  °C)  at  a  flow  rate  of  200 
seem.  AsH3  and  PH3  (both  5%  in  H2),  at  flow  rates  of  40  and 
60  seem  respectively,  were  used  as  the  As  and  P  sources. 
Palladium  diffused  H2  flowing  at  a  rate  of  4  /  /m  served  as  the 
carrier  gas.  The  growth  temperature  was  630  °C.  Four  differ¬ 
ent  substrates  were  used;  two  silicon  doped,  one  Cr-doped, 
and  one  LEC  (semi-insulating).  All  substrates  were  (100), 
oriented  2°  towards  (1 10).  Details  of  the  calibration  proce¬ 
dure  to  produce  the  SLB  lattice  matched  to  GaAs  have  been 
previously  reported.16  For  these  experiments  x{%  P)~17% 
and  y(%  In)  — 8%.  X-ray  diffraction  showed  that  the  mis¬ 
match  between  the  SLB  and  the  GaAs  substrate  is  less  than 
0.1%.  The  thickness  of  each  layer  is  between  100-180  A;  the 
minimum  and  maximum  thicknesses  mentioned  above  are 
calculated  (for  GaAs0g3P0, ^InoogGao^  As)  to  be  on  the 
order  of  100  and  300  A,  respectively.  GaAs  epitaxial  layers 
were  then  simultaneously  grown  on  the  SLB  and  directly  on 
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TABLE  I.  Results  of  etch  pit  density  measurements. 


Run 

Substrate 

Kld»  pit  density  (cm 

') 

Substrate 

GaAs  epilaycr 

SLB  plus 
GaAs  epilaycr 

A 

Cr 

1  -2  x  It)’ 

i  -H v  in’ 

50 

B 

Si 

-  I0J 

-  10' 

20 

C 

Si 

•  It)' 

10* 

400 

D 

SI  LF.C 

I  T X  It)1 

-4  -  10' 

-0 

E 

Si 

-  <>  *  to' 

-  >  •  in' 

1X0 

GaAs  substrates  for  etch  pit  density  (EPD)  comparison.  All 
the  GaAs  epitaxial  layers  were  about  2  /tm  thick  and  they 
had  mirrorlike  surfaces  with  no  cross  hatching.  This  indi¬ 
cates  the  good  lattice  match  between  the  SLB  and  GaAs. 

Molten  KOH  at  330  °C  was  used  to  delineate  the  dislo¬ 
cations.  Table  I  shows  the  etch  pit  density  of  the  substrates, 
the  GaAs  epitaxial  layers  directly  on  the  substrates,  and  the 
GaAs  epitaxial  layers  on  the  10  period  SLB  layers.  The  etch 
pit  densities  of  the  epitaxial  samples  were  taken  over  an  area 
about  0.5  cm  square.  In  addition  to  the  five  sets  of  samples  in 
Table  I,  EPD  measurements  were  also  made  on  five  other 
samples.  These  had  10-35  superlattice  periods  and  GaAs 
epitaxial  layers  2-4  /tm  thick.  The  EPD’s  on  these  samples 
varied  from  200  to  500  cm-’2.  While  EPD  measurements  are 
statistical  in  nature,  and  somewhat  variable  across  a  sample, 
we  have  consistently  seen  EPD’s  in  epitaxial  layers  directly 
on  GaAs  substrates  in  the  thousands  per  square  cm  range, 
while  the  SLB  reduces  the  EPD  to  the  hundreds  per  square 
cm  range.  It  should  be  noted  that  this  type  of  approach  can 
only  reduce  dislocations  threading  up  from  the  substrate. 
Dislocations  produced  by  vacancies,  interstitials,  etc.  within 
the  epitaxial  layer  may  still  be  present. 

Transmission  electron  microscopy  (TEM)  was  also 
done  on  several  of  the  epitaxial  layers  on  a  SLB.  The  TEM 
samples  were  prepared  by  lapping  and  ion  milling  two  pieces 
bonded  together  face  to  face.  They  are  viewed  in  cross  sec¬ 
tion,  with  the  electron  beam  parallel  to  the  (110)  zone  axis. 
Figure  1(a)  shows  a  TEM  cross  section  for  a  10-period 
GaAsP-InGaAs  SLB  indicating  the  uniform  thickness  of  the 
two  ternary  alloys.  The  period  of  the  superlattice  in  Fig.  1  (a) 
is  about  230  A.  Figure  1(b)  shows  a  threading  dislocation 
which  started  in  the  GaAs  substrate  and  does  not  penetrate 
the  SLB.  The  SLB  is  delineated  by  the  arrows.  The  diffrac¬ 
tion  conditions  for  these  micrographs  are  not  optimized  for 
the  simultaneous  observation  of  the  SLB  layers  and  the  dis¬ 
location  lines.  Additionally,  the  low  dislocation  density 
makes  it  quite  difficult  to  find  a  dislocation  using  TEM. 
These  micrographs  are  the  results  from  several  trials.  Figure 
1(c)  shows  another  TEM  cross  section  in  which  a  threading 
dislocation  does  not  penetrate  the  SLB.  These  TEM  micro¬ 
graphs  are  another  demonstration  that  threading  disloca¬ 
tions  which  start  in  the  substrate  may  not  penetrate  the  SLB. 
It  is  not  clear  at  this  stage  how  many  periods  are  required  to 
eliminate  these  threading  dislocations. 

In  conclusion,  strained  superlattice  buffer  layers  have 
been  grown  with  an  average  lattice  constant  equal  to  that  of 
GaAs,  as  shown  by  the  x-ray  diffraction  data.  Epitaxial 
GaAs  layers  grown  on  these  SLB’s  show  significantly 
smaller  dislocation  densities  than  simultaneously  grown  lay- 
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FIG.  1  .(b)  TEM  micrograph  of  GalnAs-GaAsP  superlattice,  (b)  TEM  mi¬ 
crograph  showing  a  threading  dislocation  which  does  not  penetrate  the 
SLB.  The  substrate  is  on  the  left  side  of  the  SLB.  (c)TEM  micrograph  show¬ 
ing  a  threading  dislocation  which  does  not  penetrate  the  SLB.  The  substrate 
is  on  the  right  side  of  the  SLB. 


ers  directly  on  GaAs  substrates.  TEM  studies  show  that 
threading  dislocations  which  start  in  the  GaAs  substrate  do 
not  penetrate  the  SLB  layer.  It  is  expected  that  devices  and 
circuits  fabricated  in  epitaxial  layers  on  top  of  SLB’s  will 
exhibit  less  variation  in  electrical  parameters  than  those  fab¬ 
ricated  directly  on  a  GaAs  substrate. 

Tischler  etal.  295 


m 


This  work  is  supported  by  NSFand  the  Army  Research 
Office. 


'Y.  Nanishi,  S.  Ishida,  and  S.  Miyazawa.  Jpn  J  Appl  Phys  22.  1  54 
(1983). 

’W.  Heinke  and  H.  J.  Queisser,  Phys.  Rev  Lett  33.  1082  (I974|. 

'K.  Bohm  and  B.  Fischer.  J  Appl.  Phys.  SO.  5433  11979) 

*T.  Honda,  Y.  Ishii,  S.  Miyazawa,  H.  Yamazaki.  and  Y  Nanishi.  Jpn  J 
Appl.  Phys.  22,  L  270(1983). 

5H.  Yamazaki,  Y.  Nanishi,  S  Miyazawa.  and  Y.  lshu,  CiaAs  Integrated 
Circuit  Symposium,  Phoenis,  KL,  Oct.  25.  1983,  pp.  30  33 
6S.  Miyazawa,  T.  Mizutani,  and  H.  Yamazaki,  Jpn  J  Appl  Phys.  21. 1.542 
(1982). 

’S.  Miyazawa,  Y.  Ishii,  IEEE  Trans.  Electron.  Devices  ED-31.  1057  (1984). 
*Y.  Ishii,  S.  Miyazawa,  and  S.  Ishida,  IEEE  Trans.  Electron  Devices  ED- 
31,  800  (1984). 

VY.  Matsuoka,  K  Ohwada,  and  M.  Hirayama,  IEEE  Trans.  Electron  De- 


'  ices  ED-31.  1062  (1984). 

S  Miyazawa.  Y  Ishii,  S  Ishida,  and  Y.  Nanishi,  Appl.  Phys.  Lett.  43, 

853. 1 1983). 

Y  Ishii,  S.  Miyazawa,  and  S.  Ishida,  IEEE  Trans.  Electron  Devices  ED- 
31.  1051  (1984). 

Solid  Stale  Technol.  27,  12  (1984).  Sumitomo  Company  Literature. 

J  W  Matthews.  A  E  Blakeslce,  and  J  Mader  Thin  Solid  Films  33,  253 

(1976) 

'J  W  Matthews  and  A.  E.  Blakeslce,  J  Crysl  Growth  27,  1  18  ( 1974);  29. 
273  (1975);  32,  265(1976). 

1  J  W.  Matthews  and  A  E.  Blakeslee.  J.  Vac.  Sci.  Technol.  14,  989  (1977) 
"S  M  lledair.  T.  Katstiyanta.  M  Timmons,  and  M  A  Tischler,  IEEE 
Electron  Device  Lett  EDL-5,  45  (1984) 

'  S.  M  lledair.  T.  Katsuyatna,  P.  K.  Chiang,  N  A.  El-Masry,  M  A 
Tischler,  and  M  Timmons,  J  Crysl.  Growth  68,  477  (1984). 

"W.  J  Scliaff,  A  S.  Brown.  L.  F.  Eastman,  B.  Van  Rees,  B.  Liles,  and  C 
Ilitzman,  Electronic  Materials  Conference,  Sec.  F-3,  Santa  Barbara,  CA, 
June  20-22,  1984. 

'"W.  T  Read,  Dislocations  in  Crystals  (McGraw-Hill,  NY,  1953)  p.  7 


$ 
V/ 
w 

•A’ 


»,y 

'*«!•! 


iVl* 

(•ft** 

®»! 

w 

IV‘ 


|W 

i«A* 

fa 

w! 

$ 

3 

ft 

3 

ns 

$ 

$ 

IJ'l  I 

m 

li 


m. 


•y, 

I 

Ss5 


Appl.  Phys.  Lett.  46  (3).  1  February  1 985  0003-6951  /85/030296-03S01 .00  ©  1 985  American  Institute  of  Physics  296 


Atomic  layer  epitaxy  of  lll-V  binary  compounds 
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Atomic  layer  epitaxy  (ALE)  of  III-V  semiconductors  is  reported  for  the  first  time  using 
metalorganicand  hydride  sources.  This  is  achieved  by  using  a  new  growth  chamber  and  susceptor 
design  which  incorporates  a  shuttering  mechanism  to  allow  successive  exposure  to  streams  of 
gases  from  the  two  sources.  Also,  most  of  the  gaseous  boundary  layer  is  sheared  off  after  exposure 
to  the  gas  streams.  GaAs  and  AlAs  deposited  by  ALE  are  single  crystal  and  show  good  optical 
properties. 

The  recent  interest  in  high  electron  mobility  transistors  layer.  The  atomic  layer  epitaxy  (ALE)  of  III-V  compounds 

(HEMT’s),  superlattices,  and  quantum  well  structures  and  could  be  achieved  using  either  MBE  or  MOCVD.  In  the  case 

devices  has  required  improvements  in  the  ability  to  produce  of  MBE,  the  shutters  are  assumed  to  allow  the  exposure  of 

thin  layers  and  abrupt  interfaces.  Both  molecular  beam  epi-  the  substrate  to  either  column  III  or  V  beams  independently, 

taxy  (MBE)  and,  to  a  lesser  extent,  metalorganic  chemical  In  the  case  of  MOCVD,  an  analogous  shuttering  mechanism 

vapor  deposition  (MOCVD)  have  made  impressive  advances  would  be  used. 

in  this  respect  and  yet  both  are  limited  by  operating  in  a  We  report  for  the  first  time  the  successful  atomic  layer 

“bulk”  growth  regime.  The  ultimate  control  of  the  growth  of  epitaxy  of  GaAs  and  AlAs  by  MOCVD.  This  technique  can 

III-V  compounds  would  be  achieved  by  the  deposition  of  one  also  be  used  to  investigate  the  MOCVD  growth  mechanism 

monolayer  of  column  III  atoms  followed  by  a  monolayer  of  and  will  be  reported  on  at  a  later  date.  The  growth  chamber 

column  V  atoms.  This  process  would  then  be  repeated  until  is  schematically  shown  in  Fig.  1.  For  the  growth  of  GaAs, 

the  desired  thickness  has  been  reached.  The  total  layer  thick-  AsH,-fH2  and  trimethylgallium  (TMG)  +  H2  flow 

ness  could  be  controlled  very  accurately  since  each  cycle  of  through  the  inlet  tubes  A  and  B,  respectively.  A  large  flow  of 

exposures  would  result  in  the  growth  of  a  known  thickness.  H2  in  the  middle  tube  (C)  is  designed  to  prevent  mixing  of  the 

The  interfaces,  in  principle,  would  be  atomically  abrupt  gases  from  tubes  A  and  B.  The  rf  heated  susceptor  is  made  of 

since  the  reactant  fluxes  could  be  changed  within  one  atomic  graphite  coated  with  silicon  carbide,  and  consists  of  several 
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FIG.  1 .  Schematic  diagram  of  the  growth  chamber  and  susceptor  for  ALE. 
The  susceptor  consists  of  a  fixed  part  F,  a  rotating  part  R,  and  a  recess  in 
part  R  which  holds  the  substrate.  Inlet  tubes  A  and  B  provide  the  reactant 
gases.  A  large  H2  flow  in  tube  C  helps  prevent  mixing  of  the  gases  from  tubes 
A  and  B. 

parts.  Fixed  part  F  has  two  windows  aligned  to  face  the  inlet 
tubes  A  and  B.  The  substrate  sits  in  a  recess  in  the  rotating 
part/?  and  can  be  positioned  under  the  windows  of  the  fixed 
part  F,  thus  facing  either  the  column  111  or  V  input  flux.  The 
position  of  the  substrate  is  controlled  through  a  rotating 
feedthrough  at  the  base  of  the  growth  chamber.  The  recess  in 
part  R  and  the  thickness  of  the  substrate  are  chosen  to  allow 
minimum  clearance  between  the  substrate  surface  and  the 
fixed  part  of  the  susceptor.  When  the  substrate  is  exposed  to 
the  stream  of  column  III  species  from  inlet  B,  a  boundary 
layer  will  build  up  on  the  substrate  surface.  When  the  sub¬ 
strate  is  rotated  away  from  this  position,  most  of  the  bound¬ 
ary  layer  will  be  sheared  off  by  the  fixed  part  F,  allowing  an 
almost  immediate  termination  of  exposure  of  the  substrate 
to  the  input  flux.  Additionally,  the  initial  substrate  exposure 
to  the  column  III  flux  will  take  place  almost  without  the 
presence  of  any  gaseous  boundary  layer  (made  up  of 
H2  -f  AsH,  in  this  case).  The  above  arguments  can  also  be 
applied  when  the  substrate  is  moved  under  tube  A  and  ex¬ 
posed  to  AsH,.  Thus,  for  a  short  exposure  time,  it  is  possible 
that  the  adsorption  process  is  controlled  by  surface  kinetics 
rather  than  diffusion  of  the  reactant  species  through  a 
boundary  layer,  as  is  always  the  case  in  conventional 
MOCVD  growth.1 

This  technique  was  used  to  deposit  GaAs  and  AlAs.  In 
the  case  of  GaAs,  AsH,  (5%  in  H2)  -f  500  seem  of  H;  and 
trimethylgallium  (TMG)  +  500  seem  of  H2  flowed  through 
tubes  A  and  B,  respectively.  The  flow  of  H2  through  the 
TMG  bubbler  and  the  temperature  of  the  bubbler  were  set  to 
0.5  seem  and  —  15  °C  respectively  which  are  the  minimum 
values  available  in  our  system.  The  flow  of  AsH,  was  10 
seem.  Three  liters  per  minute  of  H2  flowed  through  the  cen¬ 
ter  tube  (C)  to  prevent  mixing.  The  substrate  temperature 
was  in  the  range  of  560-600  °C.  All  substrates  were  n-type 
GaAs,  (100),  oriented  2°  towards  (1 10).  The  growth  process 
starts  by  heating  the  substrate  under  AsH,  (tube  A)  for  a  few 
minutes.  The  substrate  is  then  exposed  to  the  TMG  (tube  B  ) 
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FIG.  2.  Photoluininescence  at  77  K  of  100  cycles  of  GaAs  grown  by  ALI 
sandwiched  between  layers  of  GaAs(lV,  P0„,  The  full  width  at  half-max, 
muni  is  1 1  meV. 

for  1  s  and  then  moved  back  under  the  AsH,  for  5  s.  Om 
complete  cycle  was  perform?  in  about  10  s.  All  growth? 
consisted  of  100  cycles.  Tl.r  exposure  time  to  AsH,  is  no; 
critical  since  excess  As  atoms  will  evaporate  almost  immedi 
ately.  The  sticking  probability  of  As  on  GaAs  covered  wit! 
Ga  is  very  close  to  unity.2  After  the  first  monolayer  of  As  i? 
adsorbed,  its  sticking  probability  reduces  to  almost  zero.  Tht 
growth  of  AlAs  was  carried  out  in  an  analogous  mannei 
using  trimethylaluminum  (TMA)  at  9  °C  and  a  flow  of  H 
through  the  bubbler  of  2.5  seem. 

The  ALE  samples  of  GaAs  were  characterized  by  pho 
toluminescence  (PL)  at  77  K.  Two  types  of  samples  were 
grown.  One  consisted  of  100  cycles  of  GaAs  grown  by  ALE 
on  a  3-/rm-thick  InGaAs-GaAsP  superlattice  grown  by  con¬ 
ventional  MOCVD.3  The  superlattice  is  lattice  matched  tc 
GaAs  and  has  an  effective  band  gap  of  about  1.3  eV.  The 
second  type  of  sample  consisted  of  a  2-/rm-thick 
GaAs0  97  P0.03  layer,  100  cycles  of  GaAs  by  ALE,  and  a  300- 
500-A  GaAs0  97  P00,  cap.  The  GaAs0.97P0.03  layers  were 
grown  by  conventional  MOCVD.  This  was  achieved  by  add¬ 
ing  a  second  TMG  and  PH3  sources  to  line/L  The  superlat¬ 
tice  and  the  thick  GaAso.97Po.03  layer  prevented  photolu 
minescence  from  the  GaAs  substrate  from  interfering  with 
the  signal  from  the  ALE  GaAs  layer.  The  cap  layer  facilitat 
ed  cross-sectional  thickness  measurements. 

Figure  2  shows  the  PL  spectra  of  the  latter  type  of  sam 
pie  with  100  cycles  of  ALE  GaAs.  The  GaAs  peak  is  clearly 
evident  and  has  a  full  width  at  half-maximum  of  about  1 1 
meV  indicating  the  good  quality  of  the  GaAs  grown  by  ALE 
The  small  peak  is  from  the  GaAso.97Po.03  layer.  The  former 
type  of  sample  also  showed  a  GaAs  peak.  The  AlAs  samples 
consisted  of  2  gm  of  GaAs,  1 00  cycles  of  AlAs,  and  a  1 000- A 
GaAs  cap.  The  GaAs  in  this  case  was  also  grown  by  conven¬ 
tional  MOCVD. 

Figure  3  shows  the  surface  of  a  GaAs  layer  grown  b> 
ALE.  All  the  deposited  layers  had  mirrorlike  surfaces 

Bedair  el  at  5: 


FIG.  3.  Photomicrograph  of  the  surface  of  100  cycles  of  GaAs  grown  by 
ALE. 

Transmission  electron  microscope  (TEM)  samples  were  pre¬ 
pared  by  lapping  and  ion  milling  two  pieces  which  were 
bonded  together  face  to  face.  They  were  viewed  in  cross  sec¬ 
tion  with  the  electron  beam  parallel  to  the  (002)  zone  axis. 
Diffraction  studies  by  TEM  indicated  that  the  ALE  growths 
are  single  crystal.  The  GaAs  layer  is  about  800  A  thick  as 
measured  by  TEM.  Figure  4  shows  an  AlAs  sample  angle 
lapped  at  1/3°.  The  dark  line  is  the  AlAs  layer  grown  by 
ALE.  It  is  about  300  A  thick. 

The  difference  in  thicknesses  between  ALE  GaAs  and 
AlAs  is  a  result  of  the  flux  of  the  column  III  species.  Ideally, 
100  cycles,  each  depositing  one  monolayer  of  column  III  and 
one  monolayer  of  column  V  species,  would  produce  a  layer 
about  283  A  thick.  However,  the  minimum  fluxes  available 
were  system  limited  with  the  TMG  flux  several  times  larger 
than  theTMA  flux.  Additionally  the  minimum  reproducible 
exposure  time  was  one  second.  Thus  for  ALE  of  GaAs, 
about  two  to  three  monolayers  of  Ga  were  deposited  on  the 
surface,  whereas  in  the  case  of  AlAs  about  one  atomic  layer 
of  A1  was  deposited.  The  use  of  triethylgallium,  with  its  low¬ 
er  vapor  pressure,  should  allow  the  deposition  of  single  lay¬ 
ers  of  gallium.  The  deposition  of  more  than  one  monolayer  is 
not  present  in  the  ALE  of  II- VI  compounds4  due  to  the  very 
high  vapor  pressure  of  the  species. 

In  order  to  make  sure  that  conventional  MOCVD 
growth  was  not  occurring  from  any  mixing  of  gases  in  the 
growth  chamber,  the  following  experiment  was  carried  out. 
The  substrate  was  exposed  to  the  TMG  stream  for  3  min 
while  the  AsH3  and  center  H2  lines  were  flowing  as  described 
above.  The  deposited  film  had  a  dull  surface  and  could  be 
wiped  off  by  a  cotton  swab.  PL  on  this  layer  deposited  on  a 
superlattice  substrate  showed  only  a  very  weak  GaAs  peak. 
The  corresponding  experiment  with  a  superlattice  substrate 
exposed  only  to  AsH3  with  the  TMG  and  center  H2  lines 
flowing  showed  no  GaAs  PL  peak.  Thus,  the  amount  of  mix¬ 
ing  is  quite  small  and  is  not  expected  to  play  a  significant  role 
in  the  ALE  process. 

The  ALE  method  gives  more  insight  into  the  MOCVD 


FIG.  4.  Photomicrograph  of  100  cycles  of  AlAs  grown  by  ALE  sandwiched 
between  layers  of  GaAs,  and  angle  lapped  at  1/3*. 

process.  Several  models  for  the  deposition  mechanism  have 
beer,  proposed.  For  example,  one  model  proposed  that  the 
metalorganic  molecule  and  the  hydride  adsorb  on  separate 
surface  sites,  followed  by  the  formation  of  intermediate  com¬ 
plexes  and  then  the  desorption  of  methane.5  Another  model 
showed  that  intermediate  complex  formation  takes  place  in 
the  gas  phase.6  It  was  also  proposed  that  complete  reaction 
in  the  gas  phase  takes  place  followed  by  the  successive  diffu¬ 
sion  of  small  GaAs  clusters  towards  the  surface.7  However, 
the  result  of  the  current  experiment  clearly  indicates  that 
MOCVD  can  also  take  place  through  independent  deposi¬ 
tion  of  Ga  and  As  species. 

In  conclusion,  ALE  of  GaAs  and  AlAs  has  been  dem¬ 
onstrated  by  MOCVD  for  the  first  time.  This  has  been  ac¬ 
complished  by  using  a  new  design  for  the  growth  chamber 
and  susceptor.  The  susceptor  incorporates  a  shuttering  ac¬ 
tion  which  allows  the  substrate  to  be  sequentially  exposed  to 
different  gas  streams  and  also  shears  off  most  of  the  bound¬ 
ary  layer  which  builds  up  during  exposure.  The  current  re¬ 
sults  also  indicate  that  the  growth  by  MOCVD  takes  place 
through  the  independent  deposition  of  both  Ga  and  As  spe¬ 
cies.  We  believe  that  atomic  layer  epitaxy  will  be  useful  for 
growing  structures  and  devices  requiring  very  well  con¬ 
trolled  thicknesses  and/or  very  abrupt  interfaces.  Addition¬ 
ally,  ALE  may  provide  a  vehicle  for  investigating  fundamen¬ 
tal  aspects  of  compound  semiconductor  growth. 

This  work  was  supported  by  Army  Office  of  Research 
and  Air  Force  Office  of  Scientific  Research. 
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A  self-limiting  mechanism  has  been  observed  in  the  atomic  layer  epitaxy  (ALE)  of  GaAs 
deposited  by  alternate  exposure  to  AsH,  and  trimethylgallium  (TMG).  The  thickness  of  the 
deposited  film  was  found  to  be  independent  of  the  mole  fractions  of  both  TMG  and  AsH3  in  the 
gas  phase.  These  results  will  allow  the  use  of  ALE  to  deposit  III-V  compounds  with  growth  rates 
which  are  insensitive  to  the  input  partial  pressures  of  the  reactive  gases. 


Atomic  layer  epitaxy  (ALE)  oflll-V  compounds  offers 
a  new  approach  for  the  synthesis  of  these  material  systems. 
The  crystal  structure  of  GaAs,  for  example,  grown  by  ALE 
is  built  by  the  deposition  of  alternate  layers  of  Ga  and  As. 
ALE  can  be  used  as  a  means  to  accurately  control  layer 
thickness  and  obtain  abrupt  interfaces,  potentially  within 
one  atomic  layer.  ALE  can  also  be  a  basis  for  studying  the 
deposition  mechanism  of  III-V  compounds,  where  in  this 
case  column  III  and  V  elements  are  not  deposited  simulta¬ 
neously.  ALE  using  molecular  beam  epitaxy  (MBE)  can 
develop  more  understanding  of  the  residence  time  of  the  spe¬ 
cies,1  the  cracking  efficiency  of  column  V  molecules,2  and 
the  incorporation  of  atoms  at  their  lattice  sites.  In  the  case  of 
metalorganic  chemical  vapor  deposition  (MOCVD),  ALE 
can  help  in  understanding  the  cracking  mechanism  of  alkyl 
and  hydride  molecules  and  the  effect  of  the  gaseous  bound¬ 
ary  layer  on  the  growth  process.3 

ALE  has  been  previously  reported  for  II-VI4  and  III- 
V5'7  compounds.  ALE  of  II-VI  compounds  relies  on  the  fair¬ 
ly  high  vapor  pressure  of  the  constituent  elements.  This  will 
allow  only  one  chemically  adsorbed  monolayer  to  remain  on 
the  substrate  surface  at  the  growth  temperature  irrespective 
of  the  number  of  layers  that  were  initially  deposited.4  This 
self-limiting  mechanism  will  guarantee  that  the  epitaxial  lay¬ 
er  is  built  up  by  the  deposition  of  a  sequence  of  monolayers  of 
column  II  and  then  VI  elements.  The  conditions  are  quite 
different  in  the  case  of  III-V  compounds  since  the  vapor 
pressure  of  most  column  III  elements  is  fairly  low  at  the 
deposition  temperature.  In  this  case  the  self-limiting  mecha¬ 
nism  that  relies  on  the  re-evaporation  of  excess  atoms  or 
molecules  may  not  apply.  ALE  of  III-V  compounds  is  ex¬ 
pected  to  require  precise  control  of  the  column  III  flux,  oth¬ 
erwise,  excess  amounts  will  deposit  and  ball  and  will  result  in 
poor  surface  morphology.  There  is  no  equivalent  problem 
for  the  case  of  column  V  elements  such  as  As  or  P  because  of 
their  fairly  high  vapor  pressures.  Sb  may  be  an  exception  due 
to  its  relatively  lower  vapor  pressure.  In  this  letter  we  report 
on  our  findings  that  a  self-limiting  mechanism  is  also  taking 
place  in  the  ALE  of  GaAs  by  MOCVD.  This  self-limiting 
mechanism  may  be  related  to  the  process  of  decomposition 
of  trimethylgallium  (TMG)  on  the  substrate  surface  and  in 
the  thermal  boundary  layer. 

The  experimental  setup  for  the  ALE  of  GaAs  using 
TMG  and  AsH,  has  been  previously  described5  and  a  sche¬ 
matic  of  the  growth  system  is  shown  in  Fig.  1.  Growth  pro¬ 
ceeds  by  alternately  exposing  the  substrate  to  the  AsH,  and 


TMG  fluxes  from  different  inlet  tubes  as  indicated.  The  sub¬ 
strate  sits  in  a  recess  in  the  rotating  part  ( R )  of  the  susceptor. 
The  gases  flow  through  two  windows  in  the  fixed  top  part 
(F)  and  through  two  corresponding  holes  in  the  base  of  the 
susceptor  as  shown  in  Fig.  2.  The  fixed  top  part  also  acts  to 
shear  off  most  of  the  gaseous  boundary  layer  between  succes¬ 
sive  exposures.  Thus,  the  gases  flow  unimpeded  through  the 
susceptor  except  when  the  substrate  cuts  through  the 
streams.  This  acts  to  prevent  the  formation  of  a  gaseous 
boundary  layer  over  the  rotating  part  of  the  susceptor  which 
holds  the  substrate.  The  clearance  between  the  surface  of  the 
substrate  and  the  top  piece  is  several  mils  to  avoid  scratching 
the  substrate.  The  amount  of  TMG  or  AsH,  trapped  in  this 
small  volume,  which  could  be  transferred  to  the  AsH3  or 
TMG  side  respectively,  is,  in  the  current  experiment,  only 
enough  to  deposit  less  than  1/10  of  a  monolayer  per  cycle 
and  thus  cannot  account  for  the  observed  growth.  The  H2 
carrier  gas  flows  for  TMG  (  —  13  °C)  and  AsH,  (5%  in  H2) 
were  500  seem  each  and  the  H2  flow  in  the  center  tube  was 
5000  seem.  A  graphite  wedge  just  below  the  center  inlet  tube, 
in  conjunction  with  the  H2  flow  through  that  tube,  acts  to 


FIG.  I .  Schematic  diagram  of  the  growth  chamber  and  susceptor  for  ALE. 
The  susceptor  consists  of  a  fixed  part  F,  a  rotating  part  R,  and  a  recess  in 
part  R  which  holds  the  substrate.  The  left  and  right  inlet  tubes  provide  the 
AsH ,  and  TMG,  respectively.  A  graphite  wedge  in  conjunction  with  a  large 
H,  Row  from  the  center  tube  helps  prevent  mixing  of  AsH,  and  TMG. 
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FIG.  2  Schematic  diagram  of  the  susceptor  showing  holes  in  the  base  of  the 
susceptor  through  which  the  input  gases  How.  The  rotating  part  of  the  sus¬ 
ceptor  containing  the  substrate  cuts  through  these  gas  streams. 


separate  the  AsH,  and  TMG  gas  streams.  The  AsH,  flow 
was  25  seem  and  the  substrate  temperature  was  630  °C. 

The  inside  diameters  of  the  growth  chamber  and  inlet 
tubes  are  95  and  10  mm,  respectively.  The  substrate  is  about 
2  cm  below  the  top  of  the  growth  chamber.  The  cross-sec¬ 
tional  area  of  the  gas  stream  at  the  substrate  is  not  well 
known,  and  thus  the  exact  flux  impinging  on  the  substrate  is 
difficult  to  calculate.  However,  the  total  gas  flow  in  each 
inlet  tube  was  kept  constant  throughout  these  experiments 
resulting  in  a  constant  cross-sectional  area  at  the  substrate. 
Therefore,  the  flux  at  the  substrate  is  proportional  to  the 
mole  fraction  of  each  species  in  the  gas  phase. 

The  substrate  was  rotated  continuously  using  a  stepping 
motor  and  one  complete  exposure  cycle  was  performed  in 
2.6  s.  This  results  in  equal  exposure  times  of  about  0.3  s  each 
to  the  AsH,  and  TMG  gas  streams.  A  standard  growth  run 
in  this  study  consists  of  1200  cycles.  The  thickness  of  the 
deposited  ALE  film  was  determined  from  cleaved  cross  sec¬ 
tions  using  optical  and  transmission  electron  microscopy 
(TEM). 

The  as-grown  GaAs  has  a  mirrorlike  surface  and  is  sin¬ 
gle  crystal  as  indicated  from  the  TEM  diffraction  pattern 
shown  in  Fig.  3.  The  thicknesses  of  the  deposited  ALE  films 
per  growth  cycle,  for  different  TMG  mole  fractions  in  the 
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FIG.  3.  Transmission  electron  diffraction  pattern  of  GaAs  grown  by  ALL 
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FIG.  4.  Thickness  per  cycle  of  ALE  GaAs  vs  TMG  flux.  The  horizontal 
lines  indicated  the  ideal  ALE  thickness  per  cycle  for  ( 100)  and  (111)  orien¬ 
tations.  (100)  substrates:  (•)  =  630  “C,  AsH,  =  52/(moles/min;  (■) 

r„.,,  =  450”C,  AsH, =  156  /imoles/min;  (4-)  T„i,  =  450'C, 
AsH ,  =  4 10  /imoles/min;  (*)  Tul,  =  630  "C,  AsH,  =  410 /imoles/min; 
( X  )  7„,b=700‘C,  AsH,  =  52  /umoles/min.  (Ill)  substrate:  (▲) 
r,u„  =  630  °C,  AsH ,  =  52  /imoles/min. 


gas  phase,  are  shown  in  Fig.  4.  Only  about  one  monolayer  is 
deposited  per  cycle  with  this  being  independent  of  the  mole 
fraction  of  TMG  in  the  gas  phase.  The  same  results  were 
obtained  for  different  growth  temperatures  in  the  range  of 
450-700  °C.  Also,  increasing  the  AsH3  flow  by  about  an  or¬ 
der  of  magnitude  still  resulted  in  the  deposition  of  about  one 
atomic  layer  per  cycle.  Two  GaAs  substrate  orientations 
were  used  in  this  study,  (111)5  and  (100),  oriented  2° 
towards  (110).  The  deposition  rate  of  about  one  monolayer 
per  cycle  was  observed  for  both  of  these  orientations. 

This  experimental  result  cannot  be  related  to  the  volume 
of  the  trapped  gas  between  the  substrate  surface  and  the  top 
piece  of  the  susceptor.  If  growth  resulted  from  these  trapped 
gases,  the  mole  fraction  of  TMG  in  these  gases  and,  thus,  the 
GaAs  layer  thickness,  should  be  proportional  to  the  TMG 
mole  fraction  in  the  input  gas  phase.  However,  the  results  in 
Fig.  4  show  that  this  is  not  the  case  and  these  results  can  also 
indicate  that  these  trapped  gases,  if  any,  do  not  play  a  major 
role  in  the  ALE  process. 

It  might  also  be  possible  that  some  minor  cross  conta¬ 
mination  from  the  AsH,  side  is  responsible  for  the  limiting 
process.  The  amount  of  deposited  Ga  and  thus  the  ALE  film 
thickness  may  be  dependent  on  this  AsH,  flux  irrespective  of 
the  TMG  flux.  To  investigate  the  effect  of  cross  contamina¬ 
tion  on  the  ALE  process,  the  following  experiment  was  car¬ 
ried  out.  The  AsH,  was  switched  off  after  every  substrate 
exposure  to  the  AsH,  and  enough  time  was  allowed  (20  s)  to 
flush  it  out  of  the  growth  chamber  before  the  substrate  was 
rotated  to  be  exposed  to  the  TMG  flux.  The  deposited  ALE 
film  in  this  case  was  found  to  be  of  the  same  quality  as  those 
obtained  when  AsH,  was  kept  on  all  the  time,  as  indicated 
from  surface  morphology  and  photoluminescence  response. 
Also,  the  thickness  of  the  deposited  ALE  was  about  the  same 
as  that  shown  in  Fig.  4.  Additionally,  increasing  the  AsH, 
flow,  as  mentioned  previously,  which  should  also  increase 
the  amount  of  AsH,  diffusing  to  the  Ga  side,  resulted  in  a 
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.similar  growth  rate.  Thus,  cross  contamination  does  not 
seem  to  play  any  significant  role  in  the  ALE  process  nor  can 
it  be  used  to  explain  the  above  results. 

The  mechanism  for  this  self-limiting  action  is  not  fully 
understood;  however,  a  possible  explanation  can  be  as  fol¬ 
lows.  Since  the  thermal  boundary  layer  is  quite  thin,  the 
TMG  molecule  may  not  decompose  until  it  is  close  to,  or  on 
the  substrate  surface.  At  this  point,  the  TMG  can  acquire 
enough  thermal  energy  from  the  substrate  to  partially  or 
fully  decompose  or  to  re-evaporate  undissociatcd.  The  exact 
nature  of  the  deposited  Ga  species  is  not  known.  At  least  a 
coverage  of  one  monolayer  of  chemically  adsorbed  mole¬ 
cules  on  the  GaAs  substrate  will  take  place.  The  cracking 
efficiency  of  TMG  on  the  GaAs  surface  (630°C)  can  be 
fairly  high7;  however,  when  the  GaAs  surface  is  covered 
with  a  monolayer  of  Ga  species,  the  cracking  efficiency  or 
the  condensation  coefficient  of  the  additional  TMG  mole¬ 
cules  may  then  be  very  small.  Thus,  these  additional  TMG 
molecules  may  re-evaporate  before  they  have  a  chance  to 
decompose.  This  is  consistent  with  the  wide  variation  in  the 
value  of  the  condensation  coefficient  of  given  species  on  dif¬ 
ferent  substrates.8  More  work  is  needed  to  verify  the  above 
assumptions. 


In  conclusion,  a  self-limiting  process  for  the  deposition 
of  Ga  from  TMG  during  the  ALE  of  GaAs  has  been  ob¬ 
served  This  effect  will  make  the  ALE  of  GaAs  insensitive  to 
the  mole  fraction  of  the  TMG  in  the  gas  phase,  thus  alleviat¬ 
ing  one  of  the  major  problems  of  ALE  of  III- V  compounds 
by  MOCVD. 

'This  work  is  supported  by  the  National  Science  Founda¬ 
tion  and  the  Air  Force  Office  of  Scientific  Research.  The 
authors  would  like  to  thank  N.  A.  El-Masry  for  performing 
the  TF.M  work. 
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Several  superlatticc  structures,  grown  by  molecular  beam  epitaxy,  have  been  used  to  reduce  the 
density  of  threading  dislocations  originating  from  the  GaAs  substrate.  Results  clearly  indicate 
that  compared  to  epitaxial  layers  grown  directly  on  GaAs  substrates,  a  GaAs-In^Ga,  _  4  As 
superlattice  (x  <0. 12)  reduces  the  dislocations  by  approximately  two  orders  of  magnitude. 

Transmission  electron  microscopy,  electron  beam  induced  current,  and  etch  pit  density  have 
been  used  to  characterize  the  effectiveness  of  using  superlattice  buffer  layers  for  the  reduction 
of  defects  in  GaAs  epilayers. 


Compound  semiconductor  substrates  typically  have 
several  types  of  defects,  such  as  dislocations,  which  can  de¬ 
grade  the  operation  of  devices  and  circuits.  For  example, 
semi-insulating  GaAs  substrates  have  dislocations  of  the  or¬ 
der  of  104  cm-2  and  greater.  Moreover,  the  dislocation  den¬ 
sity  which  typically  has  a  W-shaped  distribution  is  nonuni¬ 
form  across  the  sample  surface.1  The  presence  of  such 
defects  greatly  influences  device  parameters  such  as  source- 
drain  currents  and  threshold  voltages  resulting  in  a  dramatic- 
degradation  of  performance.2  We  have  recently  reported  the 
use  of  GaAsP-InGaAs  strained-layer  superlatliccs  (SLS's) 
to  reduce  threading  dislocations  originating  from  the  GaAs 
substrate.  Furthermore,  the  GaAs  epilayers  grown  on  this 
SLS  buffer  were  found  to  be  almost  dislocation-free.'  This 
SLS  structure,  grown  by  metalorganic  chemical  vapor  depo¬ 
sition,  was  constructed  from  alternating  layers  under  tension 
(GaAsP)  and  compression  (InGa As).  The  compositions  of 
the  two  ternary  alloys  are  adjusted  such  that  the  SLS  is  lat¬ 
tice  matched  to  GaAs.4 

Superlattice  structures  composed  of  phosphorus  and  ar¬ 
senic  compounds  are  difficult  to  grow  using  molecular  beam 
epitaxy  (MBE).  Consequently,  most  MBE  superlattice 
buffer  layers  are  based  on  Al,Ga,  „  As-GaAs  SLS  struc¬ 
tures  (0  <x  <  1  ).5  Since  this  SLS  structure  is  nearly  lattice 
matched,  the  built-in  strain  is  insufficient  to  suppress  the 
propagation  of  threading  dislocations  originating  from  the 
substrate.  However,  it  has  been  reported  in  the  literature5 
that  using  Al0  3  Gao ,  As-GaAs  and  AlAs-GaAs  SL’s,  the 
dislocation  density  can  be  reduced  by  factors  of  3  and  20, 
respectively.  This  is  in  contrast  to  the  three  to  four  orders  of 
magnitude  reduction  when  GaAsP-InGaAs  SLS’s  are  used. ' 
In  this  letter  we  report  the  use  of  GaAs-In.Ga,  _  ,  As 
(0<x  <0.2)  SLS  buffer  layers  reducing  dislocations  in  the 
GaAs  epilayers. 

The  GaAs-InGaAs  SLS’s  were  grown  by  MBE  at  550  °C 
on  both  ( 100)  Cr-  and  Si-doped  substrates.  For  comparison, 
a  similar  structure  made  of  Al0  3  Ga^  7  As-GaAs  superlattice 
was  grown  at  620  ”C.  A  2-/zm  GaAs  epitaxial  layer  was 
grown  on  the  SL  and  directly  on  the  substrate  for  etch  pit 
density  (EPD)  determination  and  comparison.  All  the 


grown  layers  were  Si  doped  to  the  mid  lO'Vcm3  range.  The 
superlattice  has  five  periods,  each  layer  being  100  A  thick. 
Since  the  individual  layers  are  sufficiently  thin,  the  lattice 
mismatch  is  elastically  accommodated  by  the  uniform 
strain.  This  strain  can  be  present  as  a  compressive  strain  in 
the  In,  Ga,  ,As  layers  only,  thus  maintaining  the  GaAs 
lattice  constant  in  the  growth  plane.  However,  the  strain  can 
also  be  accommodated  by  tensile  and  compressive  strains  in 
the  GaAs  and  InGaAs  films,  respectively.  In  this  case  the 
superlattice  will  have  a  lattice  constant  corresponding  to 
InGaAs  with  an  In  As  mole  fraction  of  x/2.  If  the  total  thick¬ 
ness  of  the  SL  structure  made  of  these  five  periods  exceeds 
the  critical  thickness6  hc ,  misfit  dislocations  will  be  genera¬ 
ted  at  the  SLS-GaAs  interfaces.  The  generation  of  misfit  dis¬ 
locations  has  been  observed  in  our  present  study  and  will  be 
discussed  later.  Consequently,  in  order  to  prevent  the  gener¬ 
ation  of  dislocations  at  the  SLS-GaAs  interfaces  we  must 
limit  the  total  thickness  of  the  SLS  to  a  value  below  the  criti¬ 
cal  thickness,  hc.  However,  by  incorporating  intermediate 
thick  layers  of  GaAs  we  can  extend  the  number  of  sets  of 
five-period  GaAs-InGaAs  SLS’s.  In  Fig.  1  we  illustrate  a 
structure  incorporating  a  2000-A  GaAs  buffer  layer  between 
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FIG  I  Schematic  of  GaAs-InGaAs  SLS  with  2000-A  GaAs  intermediate 
la>cr  used  to  reduce  defects  in  the  GaAs  epilayer. 
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TABLE  I  Results  of  etch  pit  density  ( IT’D)  imnsurcmcnls 


’  Run 

1 

Niiinboi  of 

»«nl  **nI i iii'l in L-\"*  1  l'l> 

SI  S  slruelutc  wilh  KKKl  A  }>ei uul  (cm  ) 

A 

GaAs  Al„  , C .As 

1  s  •  in' 

II 

GaAs'In,,l„,(i«i,l  As 

?  -  5  .  in* 

C 

GaAs-hi,, ,  Cia,,.,  As 

2  l)  ■  10'  s  •  10' 

D 

GaAs-Inulia,(iiiIIV4  As 

S  -  5  >  10' 

E" 

G;iAs-ln„,„,<>;i,,.M  As 

^  less  lliun  10 

I' 

GaAs- In,,  l4CiaUIl4>As 

2  -  2  v  10' 

‘  Substrate  EPD  for  both  Si-  and  Cr-doped  samples  are  of  the  order  of  10' 
cm  \  EPD  for  epilayers  grown  directly  on  the  substrate  are  in  the  10'/ 
cm  :  range 
"Si-doped  substrates 

'The  total  thickness  of  the  SI.S  is  1 200  A,  which  exceeds  the  critical  thick¬ 
ness 


two  successive  GaAs-InGaAs  SLS's.  This  structure,  with  a 
3000-A  period,  can  be  repeated  to  any  desired  number.  Con¬ 
sequently,  this  will  introduce  more  strained  interfaces  there¬ 
by  blocking  the  threading  dislocations  originating  from  the 
substrate.  In  our  study  we  have  investigated  samples  com¬ 
posed  of  a  3000-A  period  "structure,”  repeated  two  and  five 
times  with  an  InAs  percentage  of  6  and  10%. 

Molten  KOH  was  employed  to  reveal  the  dislocation 
density  on  the  GaAs  substrates  and  on  the  epitaxially  grown 
layers.  The  etching  time  for  each  sample  was  2-3  min.  Etch 
pit  densities  for  the  substrates  and  the  epitaxially  grown 
GaAs  cap  layer  on  the  Al(),Gao  7  As-GaAs  and 
In^Ga, _x As-GaAs  (x  —  0.06  and  0.14)  superlattices  are 
compiled  in  Table  I.  The  Al0  3  Ga<,  7  As-GaAs  SL  reduces  the 
EPD  by  one-third  to  one-fifth  of  that  of  the  substrate.  Simi¬ 
lar  studies  on  the  GaAs-In,  Ga,  _  v  As  SLS  indicate  a  two  to 
three  orders  of  magnitude  reduction.  This  trend  is  clearly- 
illustrated  in  Table  I  for  both  semi-insulating  and  n-type 
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FIG.  2.  (a)  /-modulation  EBIC  micrograph  of  recombination  sites  detect¬ 
ed  by  surveying  a  l-mm!  device  area.  No  other  electrically  active  defects 
were  observed  in  this  device.  The  /-modulation  mode  is  used  for  enhance¬ 
ment  of  the  contrast  from  small  defects  to  facilitate  survey  scanning  when 
covering  large  device  areas,  (b)  Conventional  (Z  modulation)  EBIC  mi¬ 
crograph  of  the  same  area  as  above  Here  dark  areas  represent  lower  in¬ 
duced  current  or  higher  recombination. 
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FIG.  3.  TEM  micrograph  of  GaAs-InGaAs  superlattice.  (a)  Total  thick 
ness  or  the  GaAs-In0  l6  Ga,,  t4  As  five-period  SLS  exceeds  the  critical  thick 
ness  resulting  in  the  generation  of  dislocations  shown  by  arrows,  (b 
GaAs-In„„HGa„,j  As  SLS  composed  of  five  periods  of  the  3000-A  "struc 
turcs  "  Threading  dislocations,  shown  by  arrows,  do  not  penetrate  the  SLi 
structure. 


GaAs  substrates.  Increasing  the  number  of  five-period  SLS 
and  GaAs  intermediate  layers  reduces  the  EPD,  as  shown 
for  samples  D  and  E  in  Table  I.  Samples  D  and  E  correspond 
to  a  3000-A  period  structure  repeated  five  times. 

Dislocation  densities  were  also  characterized  using  the  ' 
electron  beam  induced  current  (EBIC)  technique.  300-A- 
thick  gold  Schottky  diodes  with  an  area  of  approximately 
2x  10-2  cm2  were  evaporated  on  the  GaAs  epilayers.  An 
electron  beam  with  an  energy  in  the  range  10-20  keV  was 
injected  through  these  gold  Schottky  diodes.  Dislocations 
appear  as  dark  images  in  the  EBIC  mode  since  they  act  as 
nonradiative  recombination  centers  which  reduce  the  elec¬ 
tric  current  compared  to  the  surrounding  area.  Figure  2 
shows  the  EBIC  image  of  sample  D.  Over  the  entire  metal- 
ized  area  (  ~  10~2  cm2)  only  four  dark  spots  were  observed 
The  corresponding  dislocation  density  was  approximately 
4x  102/cm2.  This  result  compares  favorably  with  the  aver¬ 
age  value  obtained  from  EPD  data  using  a  KOH  etch  ( Table 
I). 
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Transmission  electron  microscopy  (TEM)  was  also 
used  to  investigate  threading  dislocations  for  several  SI.S 
samples.  The  TEM  samples  were  prepared  hv  lapping  and 
ion  milling  two  wafers  bonded  face  to  face.  They  arc  viewed 
in  cross  section  with  the  electron  beam  parallel  to  the  (1 10) 
axis.  Figure  3(a)  shows  a  TEM  cross  section  of  the 
GaAs-In0  ,4Ga01!()  As  five-period  SLS,  with  a  total  thickness 
of  1200  A,  which  is  larger  than  hc.  Misfit  dislocations  are 
generated  at  the  SLS-GaAs  interfaces  as  shown  in  Fig.  3(a). 
The  presence  of  threading  dislocations  is  consistent  with  the 
results  shown  in  Table  1  for  sample  F,  where  the  EPD  is 
approximately  one  order  of  magnitude  higher  than  those  of 
samples  B  and  C  whose  values  of x  are  in  the  range  of  6-10% 
and  whose  total  thickness  is  less  than  1000  A.  The  GaAs  and 
100,4  030  84 As  layers  in  Fig.  3(a)  do  not  appear  to  be 
strained.  The  strain  and  associated  defects  appear  to  be  lo¬ 
calized  at  the  SLS  and  GaAs  interfaces.  This  result  is  consis¬ 
tent  with  previous  observations  obtained  from  Raman  spec¬ 
troscopy7  for  the  accommodation  of  strain  between 
GaAs-InGaAs  SLS  and  the  GaAs  substrate.  Figure  3(b) 
shows  a  GaAs-In006Ga„q4  As  SLS,  with  the  3000-A  struc¬ 
ture,  repeated  five  times.  Dislocations  originated  from  the 
substrate  are  stopped  by  the  SLS  structure. 

In  conclusion,  GaAs-lnGaAs  SLS's  have  been  success¬ 
fully  used  as  buffer  layers  to  reduce  dislocations  originating 
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from  GaAs  substrates.  Employing  El'D  and  EBIC  a  repro¬ 
ducible  set  of  defect  densities  has  been  recorded.  An  analysis 
of  the  propagation  of  these  defects  has  been  investigated  us¬ 
ing  TEM.  It  is  therefore  expected  that  devices  on  these  low 
defect  density  cpilayers  will  exhibit  less  variation  in  electri¬ 
cal  parameters  than  those  fabricated  directly  on  GaAs  sub¬ 
strates. 

The  authors  are  grateful  to  M.  Tischler  for  helpful  dis¬ 
cussions  and  assistance.  This  work  is  supported  by  the  Air 
Force  Office  of  Research. 


'Y  Nanishi,  S.  lsliida,  and  S.  Miyazawa.  Jpn.  J  Appl.  Phys  22,  1-54 
I  1 98.1 ) 

'S.  Miyazawa  and  Y.  Ishii.  IEEE  Trans  Electron  Devices  ED-31,  1057 
1 1984) 

'M.  A.  Tischler,  T.  Kutsuyama,  N.  A.  El-Masrv,  and  S.  M.  Bedair,  Appl. 
Phys..  Lett.  46,  294  (1985). 

’S.  M.  Bedair,  T  Katsuyama,  E  K.  Chiang,  N.  A.  El-Masry,  M.  A 
Tischler,  and  M.  Timmons,  J.  Civst.  Growth  68,  477  ( 1984). 

Masanari  Shinohara,  Tomonori  Ito,  and  Yoshihira  Imamura,  J.  Appl 
Phys.  58,  3449  ( 1985). 

"J  W.  Matthews  and  A.  E.  Blakeslec,  J.  Cryst.  Growth  27,  1 18  ( 1974). 

M.  Nakayama,  K  Kubota,  H.  Kato,  S.  Chika,  and  N.  Sano,  Appl  Phys 
l.elt.48.  281  (1986). 


Bedair  el  a/ 


